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1 
STATEMENT OF THE PROBLEM 
The character of the mechanical properties of niobium 
metal changes from ductile at room temperature to brittle 
at low temperature. Other transition metals, vanadium, 
chromium, molybdenum, tungsten and iron, also exhibit a 
change from ductile to brittle mechanical behavior over 
some temperature range. The transition metal tantalum, 
sister element of niobium, does not exhibit such behavior. 
The purpose of this investigation is to examine the 
deformation behavior of niobium in the transition temperature 
range, and to compare this behavior with that of tantalum 
under equivalent'conditions. The comparison is intended 
to determine whether the differences in low temperature 
mechanical behaviors of niobium and tantalum are related 
to macroscopicàlly distinguishable changes in their modes 
of plastic deformation. 
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DEVELOPMENT OF THE PROBLEM 
Shank (98) has reported on a survey of information 
pertaining to structural failures, which would be classed as 
brittle in modern terminology, starting with steel bars in 
I879, water standpipes in New York in 1886, including the 
Boston Molasses Tank Disaster in 1919 > and more recent 
failures of bridges in Belgium and Canada in the. 1950' s. 
Reports of the failures of steel bars in the nineteenth 
century attributed failure to brittleness inherent in the 
steel. The standpipes, molasses tank and other early 
structural failures were attributed to design inadequacies. 
When the bridges failed, both inherent material properties 
and complex variables of design and environment were known 
to be involved in catastrophic brittle failure of steel 
structures. 
The first observations of brittle fracture in structural 
steels were made early in the history of Bessemer steel 
production. In 1864, Joseph Kirkaldy published the results 
of testing of materials carried out in his laboratories in 
London. The report included information on various materials 
of construction and, in particular, compared the mechanical 
properties of Bessemer steel with other irons and steels. 
Kirkaldy noted that Bessemer steel, which was ductile at 
room temperature and slow load rates, exhibited very little 
ductility when loaded rapidly. In modern terms, Kirkaldy 
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noted that increased strain rate promoted brittleness. This 
report was probably the first formal recognition of the 
problem of brittleness in ductile steel. Todhunter1 s 
discussion (109) of Kirkaldy's report includes the following 
quotation, which indicates that Kirkaldy recognized brittleness 
to be a function of the testing or loading conditions as well 
as the nature of the material. 
"The appearance of the same bar may be completely 
changed from wholly fibrous to wholly crystalline, 
without calling in the assistance of any of those 
agents already referred to - viz., vibration, 
percussion, heat, magnetism, etc. and may be done 
in three different ways: first, by alternating the 
shape of the specimen so as to render it more liable 
to snap; second, by treatment making it harder; and 
third, by applying the strain (stress) so suddenly 
as to render it more liable to snap from having less 
time to stretch." 
Shank (98) reported that Bessemer steel in use for naval 
construction was found to fracture under low load when impact 
and "severe" weather were its combined environment. Thus, as 
early as 1879, increased brittleness in steels loaded at 
reduced temperature was recognized. 
The water standpipe failures in 1886, I898, and 1904, 
also discussed by Shank, were examples of brittle failure of 
rivited structures. While attributing the actual cause of 
failure to faulty material used in marginally designed 
situations, the observers of the time emphasized that fracture 
seemed to have been initiated at the stress concentrations 
caused by rivit holes and fixtures. Thereafter, existence 
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of stress concentration was carefully examined in structural 
failures. This recognition of embrittlement of ductile metals 
by stress concentration led later workers to develop notched-
bar impact tests for evaluation of the toughness of steels. 
In 1886 Maitland (75) reported on properties of gun 
steels as determined by extensive tests at the Royal Gun 
Factory, Woolrich, England. Maitland tried to produce 
fractures of the same type as observed when guns failed 
during firing, i.e., "crystalline" fractures. He first used 
gun powder to apply high strain rates to rods of the steels 
and obtained much higher ductility, as expressed by reduction 
in area, than from slow tensile tests. He even managed to 
obtain failure by necking in more than one site in a single 
rod. He found, however, that when identical material in the 
form of a cylinder was strained by exploding gun powder 
inside, the fracture was crystalline. In the ensuing 
discussion of the paper, Strohmeyer attributed the crystal-
Unity to straining under biaxial tension and noted that 
triaxial tension would produce even more drastic brittleness. 
Strohmeyer also noted that the facets of the crystalline 
fracture usually exhibited "feather" markings which pointed 
toward the source of the fracture. Apparently little 
attention was paid to Strohmeyer's remarks, because 
rediscovery of these characteristic markings was one of 
the few conclusive points determined from the Molasses Tank 
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Disaster in 1919. 
In January, 1919, a Boston molasses tank containing about 
2,500,000 gallons of molasses collapsed, drowning twelve 
persons in molasses and killing others in the attendant 
destruction. Several horses were killed, and the Boston 
Elevated Railway was damaged. Litigation of course followed. 
Shank mentions that one side went to great lengths to prove 
that an explosion caused the disaster, while the opponents 
contended that the design was faulty. In his summary, the 
court auditor noted that both sides were supported by the 
highest authorities in the field and that, 
"... Amid this swirl of polemical scientific waters 
it is not strange that the auditor has at times 
felt that the only rock to which he could safely 
cling was the obvious fact that at least one-half 
of the scientists must be wrong." 
The present state of knowledge about brittle failure might be 
summarized in the same way. 
Even though both low temperature and stress concentration 
had been previously recognized as contributing to material 
brittleness and both were added to marginal design in the 
molasses tank, no additional factors were recognized. 
However, Strohmeyer's "feathers" were observed under certain 
conditions in laboratory tests on the tank steel from the 
tank and were called "chevrons". It seems reasonable to 
expect that the spectacular accident would have stimulated 
some more consideration of deformation and fracture. 
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In the 1920's, scientists and engineers turned their 
attention to the fundamental causes of fracture, brittle and 
ductile; and two useful approaches were proposed to explain 
brittle fracture and the transition of ductile to brittle ; 
behavior. 
Cleavage fracture, i.e. fracture in which two planes 
of atoms in a crystal separate without appreciable plastic 
deformation, was recognized as a characteristic of brittle 
failure of structures and as a reproducible mode of failure 
in iron and steel. Ductile fracture was recognized as flow 
of metal by layers (perhaps crystallographic planes) sliding 
past one another until fracture occurred. Ludwik (70) 
postulated that cleavage fracture occurred in a metal when 
stress normal to the potential cleavage planes reached some 
critical value, and that this critical stress increased very 
little with decreasing temperature. He observed that the 
critical shear stress necessary to produce plastic flow 
increased rapidly with decreasing temperature. As test 
temperature was decreased, the stress necessary to produce 
plastic flow would increase until at a particular temperature 
stresses for plastic flow and for cleavage would be the same. 
Then at lower temperatures the stress required for flow 
would be greater than that for cleavage and cleavage fracture 
would occur instead of plastic flow. Figure 1 illustrates 
this proposal. Any change in the conditions of the material 
CRITICAL SHEAR STRESS FOR 
FLOW IN PRESENCE OF STRESS 
^CONCENTRATION 
CRITICAL SHEAR 
STRESS FOR FLOW 
CLEAVAGE 
(EiRITTLE) 
PLASTIC FLOW 
(DUCTILE) 
INCREASING TEMPERATURE 
Figure 1. Illustration of Ludwik's explanation for the ductile-to-brittle 
transition 
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or the test, such as stress concentration, which will raise 
the yield stress at a given temperature will raise the 
temperature at which brittle failure occurs (Figure 1). This 
approach is still quite useful, even though it provides no 
information about the fundamental mechanisms involved. 
A. A. Griffith (46) in 1924 calculated the conditions 
necessary for fracture in isotropic elastic media. The basis 
of his calculation was that the elastic strain energy intro­
duced in an elastic medium by the presence of a crack or a 
dicontinuity was converted to energy of the surfaces formed 
by a growing crack when some critical stress was applied to 
the medium. Then for a crack pre-existing in an elastic 
medium, the stress required to cause the crack to grow 
would be 
where E is the elastic modulus, IT is the surface energy of 
the crack and c is the crack length. Griffith then tested 
his theory by introducing cracks of various sizes into glass 
fibers and determining the stress required for fracture. 
The fracture stresses were found to agree with the above 
expression. This model requires that a crack pre-exist in 
the material when the load is applied. Calculations applying 
Griffith's expression to metals showed that cracks of readily 
observable size would be required. Since metals do not 
(1) 
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generally contain such cracks but do fail, the model was 
obviously not sufficient. Griffith's expression, however, 
has been the starting point from which expressions involving 
terms combining energy consumed in plastic work with the crack 
surface energy were determined to fit experimental results « 
At about the same time the explanations for brittle 
fracture were being proposed, x-rays were being employed for 
determination of the crystallography of slip and fracture. 
Elam (32) examined brass and determined that slip, l.e, flow 
by sliding layers of metal, occurred predominately on (lio) 
planes in brass, and that cleavage in brass occurred 
predominately on {lOO} planes, and occasionally on {lio} 
planes. Workers examining iron (32, 105) observed slip which 
was interpreted as occurring on (llOj, {112}, and {123} planes 
or on planes with no integral indices at all. Cleavage was 
found (30) to occur on {lOO} planes in iron. Elam (31) 
proposed that such non-crystallographic slip and wavy slip 
bands which were occasionally observed in body-centered cubic 
metals could be explained by slip on non-parallel {lio) planes. 
At that time it was also known that tungsten could fail by 
cleavage or, under some conditions such as elevated tempera­
ture, by slip. 
In 1934, the dislocation theory was applied to metals by 
Taylor, Orowan and Polanyi. From then until World War II, 
very little attention was given to fracture and fracture 
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mechanisms. Early in World War II the first all-welded 
Liberty and Victory Ships were put into service. By I9V+, 
some 500 of these ships had experienced large fractures 
ranging from cracked deck plates to breaking in half. This 
violent presentation of the phenomena of brittle fracture led 
the American Academy of Sciences and the National Research 
Council to formulate the Ship Structures Committee in 19*+3 
for the purpose of ascertaining the cause of the frequent 
failures and recommending changes which would obviate such 
failures in future ship structures. The committee itself was 
comprised of representatives from industry, from the Navy and 
from universities; therefore, the results of progress made by 
the committee were widely disseminated both formally and 
informally. 
In 1957, Parker summarized the knowledge accumulated 
by the Ship Structures Committee into a very readable book 
entitled, Brittle Behavior of Engineering Structures (84). 
Parker's book summarizes both the knowledge of failures in 
structures and the knowledge concerning the separate 
variables, e.g. composition, strain rate, stress state, etc., 
which had been studied in research projects initiated or 
I 
supported by the Ship Structures Committee. As we have seen, 
the effects of certain variables were separately recognized 
long before the formation of study committees. 
Parker discussed the effects of composition, prior 
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mechanical treatment, heat treatment and size and shape on 
the brittle behavior of steel. It was noted that the inter­
stitial impurities, carbon, hydrogen, oxygen and nitrogen, 
were effective in raising the temperature at which brittlp 
failure occurred. The effects of prior working and heat 
treatment were such that resulting large grain size or second 
phase particles tended to raise the duetile-to-brittle • 
transition temperature. The effect of shape was directly 
associated with stress concentration. The size effect was 
that the larger a piece, the more likely it was to be brittle. 
Even after subtracting or accounting for the effects of 
residual stress, of variations in prior working, and of 
variations in microstructure, the size effect, although 
small, was still present. 
Parker used the Griffith and Ludwik models in his 
descriptions of the mechanisms of failure. In 1957 and 1958, 
Stroh (104), Cottrell (25), and Petch (87) presented different 
but similar dislocation theories of the brittle fracture of 
metals. In all three theories, some plastic flow was required 
to initiate fracture. Dislocation theory was utilized by 
Cottrell (110) to show that coalescence of immobile disloca­
tions in the crystallographic plane most favorable for 
cleavage could result in Griffith type critical micro-cracks. 
Stroh (103) showed that dislocation pile-ups at grain 
boundaries could produce slip or micro-cracks in adjacent 
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grains. He also postulated (102) a mechanism, later observed 
experimentally, by which sub-boundary arrays of dislocations 
could move under stress to produce a crack in single crystals. 
The point of interest was that dislocation theory could 
account for crack formation, and Griffith's model corrected 
for plastic deformation could account for propogation. 
Cottrell and Bilby (26) provided an early explanation of 
strengthening due to interstitial or substitutional solute 
impurities. Cottrell derived an expression for the energy 
of interaction between dislocations in a metal and solute 
impurities in the vicinity of the dislocations. By means 
of this model and experimental data from iron with carbon 
and nitrogen, Cottrell was able to explain observed yield 
points in steels. 
Cottrell was also able to empirically derive an expres­
sion relating strain rate to test temperature necessary to 
produce a yield point in iron. This relationship also 
involves the diffusion coefficient for carbon in iron, 
thereby directly relating temperature, strain rate and 
interstitial effects on yield strength of iron. 
Cracknell and Fetch (28) observed that the yield 
strength of iron varied as the inverse root of the grain 
size. From this observation, the so-called Fetch Equation 
cry = a0 + ky d"1/2 (2) 
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was proposed to relate the grain size, 2d, to the yield 
strength, ay. The parameter orQ, taken as a measure of the 
stress required to move a free dislocation through a lattice, 
depends on the composition of the material and the strain 
rate and temperature of testing. The parameter ky is a 
measure of the stress necessary to propagate slip or disloca­
tion motion across a grain boundary. It was observed that 
the fracture stress of iron below the transition temperature 
foliowed a similar relationship. Therefore, the parameters 
aQ and ky have become standard terms in studies of yielding 
and brittle behavior. 
Cottrell (25), Stroh (101) and Fetch (86) proposed 
different mechanisms of dislocation behavior which led to the 
same grain size relationship empirically obtained by Cracknell 
and Fetch. Cottrell then applied this relationship to a 
modification of Griffith's expression in which the surface 
energy term, T , appears. Cottrell's expression, Equation 3, 
(aQ d1/2 + ky) ky = pTG (3) 
where the constant p depends on the specimen geometry and G 
is the elastic shear modulus, may be rearranged to 
ff0 a1/2 = - *y • w 
Equation b provides a criterion for brittle fracture of a 
given material for which the grain size or a0 is varied. 
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The effects of strain rate, temperature and composition on the 
brittle transition are introduced with c0. Cottrell's surface 
energy term is an "effective" energy which is obtained by 
applying experimental values to Griffith's equation (Equation 
1). Since it is easier to obtain brittle fracture than to 
obtain these values independently, the surface energy, , is 
often calculated from experimental data and treated as the 
third parameter in yield and fracture studies. 
IncÇtaded in Parker's summary was the point that the 
ductile-to-brittle transition in mechanical properties was 
found in body-centered cubic metals and in hexagonal close-
packed metals, and not in face-centered cubic metals. 
During and after the second world war, interest in non-
ferrous metals increased rapidly, especially for aircraft and 
space applications where low weight was required and high 
temperatures were often encountered. In the 1950's, it was 
recognized that the so-called refractory metals, vanadium, 
niobium, tantalum, tungsten, molybdenum, chromium, and their 
alloys might be useful materials for high temperature 
applications. It was also recognized that these materials 
were body-centered cubic and, therefore, likely to exhibit 
brittleness at low temperatures. Tungsten and chromium had 
long been considered brittle materials except at elevated 
temperatures, and their change from brittleness to ductility 
was related to the corresponding change found in steel. In 
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1957, Wessel (113) reported on studies of niobium, tantalum, 
iron and molybdenum at low temperatures in which it was found 
that niobium exhibited a ductile-to-brittle transition at 
about -125°C, but that tantalum remained ductile to at least 
-200°C. 
Studies by Pugh (92) and Bechtold (8) on tantalum also 
showed that for various grain sizes, strain rates, and 
purities, tantalum remained ductile down to liquid nitrogen 
temperatures. In his review of the state of metallurgy at 
low temperatures in 1957, Barrett (6) reported that tests by 
Basinsky at 4.2°K proved tantalum remained ductile. 
Magnusson and Baldwin (74) examined the effects of 
temperature and strain rate on the low temperature properties 
of twelve metals including the six refractory metals excepting 
niobium, and confirmed the existence of a brittle-to-ductile 
transition in tungsten, molybdenum, chromium and vanadium but 
found none in tantalum. At that stage in study of refractory 
metals, it was known that even though the same variables 
affected the other low temperature mechanical properties of 
niobium in the same ways, niobium exhibited a ductile-to-
brittle transition and tantalum did not. Since this study is 
concerned with comparison of tantalum and niobium, subsequent 
work on mechanical properties of the other transition metals 
will not be further traced. 
Mechanical properties of tantalum at low temperatures 
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have been reported by several investigators. Barrett and 
Bakish (7) reported observation of a few cleavage facets in 
tantalum deformed by impacting at liquid nitrogen tempera­
tures. They identified the cleavage faces as (lio) planes 
with {lOO} planes occasionally observed. Adams and Iannucci 
(1) observed .cleavage facets in tantalum fractured at room 
temperature, -78°C and -196°C. They did not identify the 
cleavage planes but observed the markings in materials 
containing less than 200 ppm total interstitials with grain 
sizes of 0.011, 0.023 and 0.016 cm average diameter at all 
three temperatures. Cleavage traces were observed at strain 
rates of 1.09 x 10~3 and 9.96 x 10~2 in/in/sec at all three 
temperatures. It should be noted that other samples of 
tantalum having the same grain sizes and composition and 
tested at the same strain rates and temperatures exhibited 
no cleavage. Derivation of useful information from comparison 
of results of the two investigations on tantalum is practically 
impossible, and comparison of results of tantalum investiga­
tions with results of niobium investigations are even less 
fruitful. No other investigators have reported cleavage in 
tantalum at low temperatures for purities investigated. 
Koo (65) investigated grain size effects in tantalum 
deformation and found that ky decreased from 5.2 x 10^ dynes/ 
cm 2^ at 77°K to 2.3 x 10^ dynes/cm2^  at 298°K. The room 
temperature value was about the same as ky for iron and much 
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higher (10 times) than ky for niobium. Gilbert, _et al. (43) 
evaluated ky from grain size versus yield strength plots and 
|| 
by Luder1 s strain extrapolation. For tensile tests in the 
range from 78°K to 293°K, they found ky between 8.1 x 10? and 
1.6 x 10*7 dynes cm2/3. They concluded that for impurities 
greater than 75 ppm, total dislocation substructure had no 
effect on yielding. 
The effect of strain rate on yielding of tantalum at 
low temperatures was determined by Bechtold (8) who found 
that yield strength at 78°K increased only 10 per cent when 
strain rate was increased from 2.8 x 10" per second to 
5 x 10" per second. 
The effects of solute atoms were investigated by Bechtold 
(8), Wilcox and Hug g ins (116), Imgram, et al. (57) and Hahn, 
et al. (48). In summary, findings of these investigators are 
that nitrogen and oxygen are the most effective solute atoms 
for increase of yield strength, while hydrogen interacts with 
dislocations to produce low temperature strain-aging. 
i Determinations of the mechanisms of deformation at low 
temperatures were made by Ferriss, .et al. (38) who investi­
gated slip in tantalum, by Koo (65), and by Anderson and 
Bronisz (4) who investigated twinning behavior of tantalum. 
Hull, et al. (55) and Lement, et al. (69) investigated the 
effect of dislocation distribution or substructure on the 
mechanical behavior of tantalum. In all cases, deformation 
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was by slip on {101} planes in <111> directions and by 
twinning on {112} planes. Ferriss, et al. tested single 
crystals at 77°K, 195°K and room temperature and found that 
the slip traces were sharper and less often crossed as the 
testing temperature was decreased. Koo observed that larger 
grain size promoted twinning at a given temperature and that 
oxygen additions inhibited twinning = 
Investigations into the low temperature behavior of 
niobium started much later than those for tantalum but have 
proceeded at a much faster rate. Tantalum has been available 
and used for many years in applications where superior 
chemical corrosion resistance was required, but the potential 
application of niobium was not developed until alloys with 
high temperature strength and relatively low density were 
required for aircraft and space applications. 
In 1957, Wessel and Lawthers (114) investigated the low-
temperature properties of niobium and found that it underwent 
a ductile-to-brittle transition at about -125°C. Several 
other authors have observed brittle behavior in niobium. 
Begley (9), Leadbetter and Argent (68), and McHargue and 
McCoy (71) observed the brittle behavior while examining the 
effect of oxygen on the mechanical properties of niobium. 
Churchman (21) and Adams, et al. (2) found the transition to 
be at lower temperatures in higher purity niobium used in 
their investigations. Imgram, et al. (58) obtained cleavage 
19 
fracture In tests of notched specimens and compared these with 
unnotched specimens in which no cleavage was observed. 
In the first account of the ductile-to-brittle transition 
in niobium, Wessel and Lawthers (114) observed that cleavage 
fracture occurred on {100} planes in niobium at temperatures 
below -125°C. Their tensile tests were conducted at a strain 
rate of 1 x lCT^ in/in/sec on material having grain sizes of 
p 
4, 120 and 700 grains/mm . They found that higher strain rate 
failed to produce cleavage in the expected temperature range. 
The material having the largest grain size contained about 
4^0 ppm interstitials and showed mixed shear (ductile) and 
cleavage fracture at -125°C and total cleavage in tests 
conducted at -150°C and -196°C. The material with an average 
grain size of 120 grains/mm2 exhibited only cleavage in tests 
conducted at -150, -175 and -196°C; however, the total inter­
stitial content was about 1650 ppm with 1330 ppm oxygen. 
Increasing the purity to 1480 ppm including 1060 ppm oxygen 
and decreasing the grain size to 700 grains/mm2 lowered the 
temperature at which cleavage first appeared to -175°C. 
Mixed shear and cleavage were observed in this metal at -175» 
-185 and -196°C, and one test at -l86°C failed with no 
detectable shear. Reducing the interstitial content to 780 
ppm at the smallest grain size resulted in all shear failures 
except at -196°C where some cleavage was also observed. 
Churchman (21) tested niobium at low temperatures using 
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a tensile strain rate of 4 x 10"^ in/in/sec and obtained 
cleavage fracture in large grain specimens at -180°C. The 
average grain size was 3 to 10 grains/mm2, and the inter­
stitial purity was recorded as less than 600 ppm total. 
Nitrogen content was reported as less than 100 ppm. Carbon 
and hydrogen contents were not reported, and the oxygen 
content was estimated by hardness tests to be between 400 
and 500 ppm. Churchman examined seven cleavage facets and 
found that failure had occurred on {l00} planes in three 
instances and on (lio} planes in the other four. He also 
noted that x-ray patterns from the {lio} planes indicated 
somewhat more surface plastic deformation than in the cases 
of {lOO}- planes. Material of the same composition but with 
5600 grains/mm2 exhibited no cleavage at -180°C but exhibited 
some twinning. 
Koclcs and Maddin (64-), in tests on single crystal 
niobium at room temperature, observed cleavage fracture on 
{lOO} planes. 
Adams, et al. (2) observed cleavage in niobium containing 
about 1500 ppm total interstitials at -253 and -196°C. Using 
a strain rate of 2 x lO"^ in/in/sec, they observed total 
cleavage fracture for a grain size of 0.071 cm at -253°C. At 
the same temperature and strain rate, grain sizes of 0.015, 
0.004 and 0.003 cm exhibited mixed cleavage and shear 
fractures with fracture preceded by twinning in all cases. 
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The only analysis attempted indicated that the cleavage plane 
was (100). Tests at -196°C az the same strain rate resulted 
in total shear failures for all grain sizes; however, 
increasing, the strain rate to 6.18 x 10-2 in/in/sec induced 
cleavage fracture in the 0.071 cm grain size material. Even 
at this greater strain rate, smaller grain material fractured 
entirely by shear even though total elongation was less than 
10 per cent. Adams, et al. also analyzed their results in 
terms of the Cottrell equation for transition temperature and 
found their results to be consistent with his analysis. 
Leadbetter and Argent (68) also observed cleavage facets 
mixed with shear in tests conducted on niobium at -196°C. Two 
grain sizes, 0,019 cm and 0.027 cm average grain diameters, 
were tested at a strain rate of 4.5 x 10"^ in/in/sec. The 
purity of this material was about 150 to 350 ppm total inter-
stitials. Finer grain material also tested at this tempera­
ture and strain rate exhibited no cleavage. No identification 
of cleavage planes was reported. 
Maddin and Chen (72, 73) found that slip in niobium 
single crystals occurred primarily on {llCj} planes or on 
combinations of {llOj- planes in both tension and compression. 
Some slip traces which were composed of short, unconnected 
traces were identified as traces of slip on {110} or {112^ or 
{123} planes or combinations of all three sets of planes. 
Determination of change in pole orientation by x-ray asterism 
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led the investigators to the conclusion that the slip was 
basically {lio} < 111>. 
Churchman (21), Adams, ejt al. (2), and Leadbetter and 
Argent (68) also observed twinning in association with the 
brittle behavior at low temperatures. Mcflargue and McCoy 
(71) associated cleavage with twinning only in the presence 
of hydride platelets, and Wellings and Maddin (112) observed 
twinning in high purity materials in which no cleavage 
fracture was obtained. In both these investigations, 
increased purity of the niobium led to increased tendency 
toward twinning. Thus the effect of interstitials on twinning 
is precisely contrary to their effect on brittle failure. 
Schwartzberg, .et al. (96) determined that additions of 
tungsten and molybdenum raised the ductile-to-brittle 
transition temperature. Limited and inconclusive work by 
Begley and Platte (11) was carried out on the effects of 
substitutional solutes on mechanical properties of niobium. 
The effect of interstitial solutes on low temperature 
properties of niobium has been described by several authors, 
with the general conclusion as indicated by Hahn, et al. (48) 
that the order of decreasing effectiveness in raising the 
transition temperature was nitrogen, oxygen, hydrogen and 
carbon. Evans (37) investigated the effect of nitrogen on 
the yield behavior of niobium at room temperature and found 
an increase in strength even above maximum solid solubility. 
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Hiltz^- conducted notch impact tests at low temperatures 
and found nitrogen to be more than twice as effective as 
oxygen in raising the transition temperature, and, for both 
interstitials, the transition temperature was increased even 
after maximum solid-solubility was attained. Begley and 
Bechtold (10), Begley and Platte (11), Leadbetter and Argent 
(68), Wilcox and Huggins (116), and Imgram, et al. (57) 
investigated the effect of oxygen on the mechanical 
properties of niobium for Various oxygen concentrations 
and testing conditions. 
Imgram, et al. (57)» and Wilcox, et al. (115) also 
evaluated the effects of hydrogen on niobium. In both cases, 
hydrogen was found to increase "brittleness", but the effect 
of increased strain rate on alloys containing dissolved , 
hydrogen was to decrease brittleness. That is precisely the 
effect found in hydrogen embrittlement of steel and is 
contrary to the effects of the other interstitial elements. 
In keeping with Kirkaldy's observation that increased 
strain rate promoted brittle behavior in steel, Wessels and 
Lawthers (114), Mincher and Sheely (77) j Gregory, _et al. (45), 
Adams, et al. (2), Wilcox and Huggins (116), Leadbetter and 
Argent (68), and Wilcox, ejt al. (115) found that increased 
strain rate either increased the yield strength a few per 
^R. H. Hiltz. Thompson Ramo Woolridge, Inc., Cleveland, 
Ohio. Effect of interstitials on slow-bend transition in 
niobium. Private communication. 1962. 
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cent, or raised the transition temperature in niobium, or 
both. The increase in strength with strain rate agrees with 
observations in other body-centered cubic metals and with the 
theories presented by Cottrell (25), and Cracltnell and Fetch 
(28); however, none of the investigators utilized the 
information to write an expression equating temperature and 
strain rate effects as was done by Cottrell for iron. 
The parameters found in Fetch's grain size versus yield 
strength equation have been evaluated for niobium at various 
temperatures and purities by Adams, et al. (2), Churchman 
(21), Dyson, et al. (29), Gregory, et al. (45), Johnson (59), 
Leadbetter and Argent (68), Mincher and Sheely (77), and 
Wilcox and Huggins (116). The general observations of these 
investigators was that the dependence of the yield strength of 
niobium on grain size was about 10& dynes cm3/2? lowest of the 
refractory metals. Negative variation of yield strength with 
decreasing grain size has been reported and has been 
attributed by Lement, et al. (69) to substructure variations 
due to differing annealing conditions and to inability of the 
grain size plot to represent conditions due to variation in 
grain size within individual samples. 
A detailed study of the relation of substructure to 
mechanical properties of refractory metals is being carried 
out by Lement, et al. (69) in which transmission electron 
microscopy has been used to ascertain the dislocation 
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arrangement and behavior under various mechanical testing 
conditions. 
In summary, the low temperature mechanical properties of 
niobium and tantalum have been extensively investigated for a 
number of years. The large number of variables found to 
affect mechanical behavior of these materials and the even 
larger variety of test conditions employed by various 
investigators have made it very difficult to make accurate 
I 
predictions concerning the mechanical behavior of either 
metal. 
The variety of testing conditions already indicated 
precludes systematic determination of the effects of inter-
stitials on either yielding or brittle behavior in these 
materials. The effects of interstitials on the mechanisms of 
deformation have been discussed by several authors, but the 
variety of testing conditions discussed precludes derivation 
of conclusive results from direct comparisons. 
The one area in which testing conditions have maintained 
some semblance of consistency among various investigators has 
been the selection of testing temperatures. In nearly every 
case, the testing was carried out at temperatures obtained by 
immersion in convenient, common, constant boiling liquids and 
mixtures. The only problem generated by such consistency is 
that actual deformation behaviors in intermediate temperature 
ranges are unknown and, hence, assumed to be the same as the 
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behavior at the actual testing temperatures. 
Cleavage fracture in both niobium and tantalum has been 
identified as occurring on {lio} and {100} cristallographie 
planes under a variety of conditions. Slip deformation has 
also been reported to occur on {110} planes as well as {112} 
and {123} planes in both niobium and tantalum; however, no 
investigations have determined both slip and cleavage 
characteristics under the same conditions, even though 
modern theory requires the slip to initiate cleavage. 
Information on deformation behavior in the ductile-to-
brittle transformation range for niobium has not been 
reported, and equivalent information concerning tantalum 
deformation is unavailable. This investigation was initiated 
to provide equivalent information for both metals. 
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DETERMINATION OF EQUIVALENT CONDITIONS 
The validity of comparison of deformation behaviors of 
niobium and tantalum depends on attainment of "equivalent" 
conditions. For two different elements equivalence must be 
met in two areas: material equivalence and test equivalence. 
Material Equivalence 
Examination of the general properties of niobium and 
tantalum reveals many similarities in physical, chemical 
and mechanical properties and, as would be expected, a few 
dissimilarities. The most striking mechanical dissimilarity 
is the object of this investigation. Table 1 summarizes some 
of the common physical properties of tantalum and niobium and 
includes the ratios of the values of these properties. For 
our purposes, the identity of crystal structures and lattice 
sizes is probably of most interest. 
The chemical similarity of the two metals is evident 
from their occurrence in nature as mixeçLoxides or minerals 
and from the difficulty in effecting chemical separation of 
these two metals. Another aspect of the chemical behavior of 
more interest to us is alloying behavior. Table 2 summarizes 
the intermediate phases, their crystal structures and the 
solid solubilities of several alloying elements for which 
phase diagrams are available for both niobium and tantalum. 
The table shows that differences in alloying behavior are 
28 
Table 1. Comparison of some physical properties of niobium 
(76; and tantalum (76, 78) 
Values 
Property Niobium Tantalum Niobium Tantalum 
Atomic number 4l 1.78/1 73 
Atomic weight 92.91 1.95/1 180.95 
Density, g/cm3 8.6 1.93/1 16.6 
Crystal structure b.c.c. — — b.c.c. 
Lattice parameter, 1 3.300 1.00/1 3.303 
Atom diameter, Â 2.853 1.00/1 2.854 
Modulus of elasticity, 25°C, 
in tension, million psi 15.0 1.80/1 27.0 
in shear, million psi 5.44 1.84/1 10.0 
Poisson1s ratio, 25°C 0.38 0.92/1 0.35 
Melting temperature, °K 2733' 1.20/1 3269 
Coefficient of linear thermal 
expansion, 0-100°C, 
x 10-6 cm/cm/°C 7.2 0.90/1 6.5 
Thermal conductivity, 20°C, 
c al/cm2/cm/°C/sec 0.125 1.04/1 O.I30 
Heat capacity, 0°C, 
cal/deg/mole j 6.012 1.00/1 6.024 
Coefficient of electrical 
resistivity, 0-100°C, 
n ohm cm/°C 0.00395 0.97/1 0.00383 
Magnetic susceptibility, 25°C, 
x 10-6 cgs units 2.20 0.38/1 0.827 
Quantum states of valence 
electrons 4dlf5s1 5d36s2 
Table 2. Alloying behavior of niobium and tantalum8. 
Intermediate phases Solid solubility maxima 
Alloying Formula Crystal structure Atom per cent Temperature °K 
element Nb Ta Nb Ta Nb Ta Nb Ta 
Boron Nb3B 
NbgB 
NbgBg 
NbB 
Nb3B4 
NbB 2 
Ta%B 
Ta 2B 
TaoBp 
Ta§ 
Ta^Bl» 
TaB2 
tet. 
orthp. 
ortho. 
hex. 
tet. 
ortho. 
ortho. 
hex. 
<6.5 5.0 i860 2070 
Carbon NbgC 
NbC 
Ta2C 
TaC 
hex. 
f.c.c. 
hex. 
f.c.c. 
5.9  0.3 2500 3070 
Chromium NbCrg TaCrg f.c.c. f.c.c./hex. 33.2 21.6 1990 2250 
Cobalt NbCo2 TaCo2 
TaC 03 
cubic/ 
hex 
cubic/hex. 
f.c.c./hex 
Hafnium none none >1+0 100 1920 >1770 
Hydrogen ? Ta3H — — tet./ortho. 85 40 373 > 373 
Iron Nb^Fe 
NbgFe2 
NbFeg TaFeg 
cubic 
hex. hex. 
5 7 2020 1910 
^Compiled from diagrams presented by English (35) 
(33, 34). 
, .Hansen ( 5 D  and Elliott 
Table 2. (Continued) 
Intermediate phases 
Alloying Formula Crystal structure 
element Nb Ta Nb Ta 
Nickel 
Nitrogen 
Oxygen 
NbNij TaNi3 
Plutonium 
Rhenium 
Silicon 
NbgN 
NbNo.8 
NbN0.95 
NbN yj 
NbO 
NbOg 
NbgO^ 
none 
NbRe 
NbRe^ 
Nbl+.Si 
NbeSio 
NbSig 
TagN 
TaN 
Tal+O 
TapO 
TaO 
TaOo 
Ta205 
none 
TagReo 
TaRe^ 
TaoSip 
TagSi 
Tal+Sio 
TaSi2J 
ortho. 
h e C e P • 
hex. 
h.c.p. 
hex. 
cubic 
tet. 
(3) 
hex. 
hex. 
hex./ 
hex. 
ortho. 
h.c.p. 
h.c.p. 
ortho 
ortho. 
cubic 
tet. ( 2 )  
tet.(a) tet.(cr) 
cubic cubic 
hex. 
tet. 
hex. 
hex. 
Titanium none none 
Tungsten none none 
Solid solubility maxima 
Atom per cent Temperature °K 
Nb Ta Nb Ta 
<2 2 1550 1870 
? 7 — 2270 
1+ >1+ 
0 0 
45 47 
4.4 1.2 
2188 >1570 
2730 2960 
2140 >1570 
100 100 1150- 1150-
1990 1990 
100 100 >2570 all 
Table 2. (Continued) 
Intermediate phases Solid solubility maxima 
Alloying 
element 
Formula Crystal structure Atom per cent Temperature °K 
Nb Ta Nb Ta Nb Ta Nb Ta 
Uranium mono- none 100 3.1 1170- lb-50 
tectoid 1370 
Vanadium none TaVg f.c.c. 100 100 all >1590 
Zirconium mono- mono- 100 1000 >370 1800 
tectoid tectoid 
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minor ; and in the case of the interstitial alloying elements 
carbon, hydrogen, oxygen and nitrogen, the differences occur 
only in areas where considerable uncertainty exists concerning 
the number and types of phases which form in a given system. 
Figure 2, illustrating the temperature dependence of 
tensile yield properties of niobium and tantalum, shows that 
their mechanical behavior is also quite similar, at least in 
trend if not in particular values. Examination of other 
mechanical properties shows the same sort of agreement except 
in the properties illustrated in Figure 3» Figure 3 shows 
that the ductility of niobium, regardless of the ductility 
criteria, undergoes a rapid transition over a short tempera­
ture range at some temperature below room temperature. 
Tantalum does lose some ductility, but only by stretching 
the definition of brittleness can a transformation temperature 
be identified. 
Compositional equivalence 
Our concern is with equivalence in mechanical behavior, 
hence our interest in compositional equivalence is related 
to the effect of impurities on the mechanical behavior of 
niobium and tantalum. Present knowledge of mechanical 
behavior is based on the concept of dislocation motion 
producing plastic deformation; therefore, any compositional 
equivalence must deal, at least in part, in terms of dis­
locations. Since brittle fracture of metals is almost always 
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accompanied by some amount of plastic deformation, and the 
occurrence of brittle fracture is attributed to inhibition of 
plastic deformation while subjecting the material to large 
loads or strains, the effects we must consider are interfer­
ence of impurities with dislocation motion. 
When the amount of impurities in a metal exceeds a 
certain limit, second phases are formed as particles in the 
grain boundaries, as particles within the grains of the matrix 
phase. In either case, the particles block dislocation motion 
on many slip planes and act to increase flow stress of the 
alloy. The particles within the grains change the distance of 
free motion of dislocations, and the alloy behaves as if the 
grain size of the matrix material were changed. Under certain 
conditions of heat treatment, impurities may be retained as 
clusters of atoms which are potential second phase particles. 
These clusters, known as Guinier-Preston zones, interact with 
dislocations in much the same way as secondary phases. Second 
phases may act either as points of rigid stress concentration 
where dislocation motion is totally restricted and fracture is 
initiated, or as soft barriers through or around which 
dislocations may pass with only moderate stress increases. 
Obviously the effect on brittle behavior depends on the 
location, number, size and morphology of the particles within 
a given matrix material. Quantitative evaluation of these 
four effects has not been reported for any niobium or tantalum 
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alloy systems and shall not be attempted here. The first 
step in compositional equivalence, therefore, is avoidance 
of second phases in the materials. . That condition is an 
ideal, attainment of which depends somewhat on how hard the 
metal is scrutinized. For our purposes, absence of second 
phases from microstructures examined by light microscopy 
will be considered the criterion for single phase material. 
Transmission electron microscopic examination of niobium 
(69, 99, 111) revealed that under some conditions foreign 
particles were found in materials free of second phases as 
determined by light microscopy. In high purity materials 
similar to the ones used in this investigation, the 
precipitate particles were restricted to dislocation sites; 
and their effect will be considered as part of the effects of 
interstitial impurities on dislocation motion. 
We must consider two conditions which exist in real 
single phase materials. The first of these is substitutional 
solid solution. The effects of substitutional solute elements 
on some mechanical properties of niobium and tantalum have 
been described by Hahn, et al. (48) who found that, except for 
rhenium, all alloying elements investigated tended to raise 
the ductile-to-brittle transition temperature. In all cases, 
the effects for small percentages of alloying elements are 
almost immeasurable. 
Cottrell (110) observed that the lattice in the vicinity 
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of a dislocation in a crystal possesses elastic strain energy 
due to the slight displacement of atoms from equilibrium 
lattice sites. A similar condition is attained in the 
vicinity of a foreign atom in a lattice of atoms of a 
different size. The strain around a dislocation varies from 
compressive around the "extra" plane of atoms to tensile in 
the opposite region where a plane of atoms was "missing". 
Location of a large foreign atom in the dislocation region 
under tensile strain would cause less lattice strain than a 
dislocation in a uniform region of the lattice ; and by 
shortening "bond" lengths between atoms near the dislocation, 
the foreign atom would relieve some of the local strain. 
Cottrell calculated the decrease in lattice strain energy 
obtained by locating impurity atoms near dislocations and 
called the energy change the interaction energy, V. Cottrell 
and Bilby also noted that this interaction energy would 
provide a potential to attract diffusing atoms so that 
impurity atoms would tend to collect near dislocations given 
enough time and enough thermal energy to permit diffusion. 
Thus, under some conditions, impurities could diffuse to 
dislocations and relax the local strain energy by interacting 
with the dislocations. Such relaxation would increase the 
stress necessary to overcome the energy potential for 
dislocation motion, and the dislocation would be "pinned" as 
compared to the unrelaxed state. With this model, yield 
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point and strain-aging behavior in body-centered cubic metals 
(in particular, iron) was qualitatively explained. 
The expression for interaction energy obtained by 
Cottrell was 
V  =  ï 0 r o 3 e i ^  ( 5 )  
where G = elastic shear modulus 
r0 = atom radius of solvent 
6j_ = and rj_ is the atom radius of solute 
b = dislocation slip distance (Burger's vector) 
v = Poisson1s ratio 
r,a = spacial coordinates of the solute atom with 
respect to the dislocation center. 
Cottrell and Bilby (26) derived the following expression 
from the number of solute atoms in the region of the disloca­
tion (about 10 atom distances) after time, t: 
N = 3% Of-)173 (^)2/3 (6) 
where n0 = initial solute concentration 
D = diffusion coefficient for the solute atoms 
k = Boltzman's constant 
T = absolute temperature 
A - V r & - sin a 
Values for lattice strains and diffusion coefficients 
for substitutional elements in niobium and tantalum are 
I 
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universally lacking. Therefore, quantitative evaluation of 
dislocation-substitutional atom interaction is impossible at 
this time. The information presented by Hahn, et al. (48), 
however, indicates that the effect of these solute atoms is 
very small for small amounts of solute. Equivalence, then, 
can be assumed only if amounts of substitutional alloying 
elements in niobium and tantalum are very small. 
Hahn, et al. (48) presented a thorough review of the 
effect of interstitial elements on the ductile-to-brittle 
transition behavior in refractory metals. Their survey is 
in the form of generalizations which, "are presented in the 
form of propositions ... and will be discussed and documented 
where possible" (p. 1). Thus, even though considerable 
experimental work concerning the effect of interstitials on 
brittle behavior has been carried out, the variation in 
reported conditions and results makes generalizations 
somewhat speculative. The principal problem involved in 
determining the effect of interstitials on refractory metals 
is the uncertainty of solid-solubility in these metals. 
Hahn, et al.« chose to describe the solubility as, "inter­
stitial contents likely to be maintained in solid-solubility 
in group V-A and VI-A after moderate cooling rates" (p. 3). 
The "likely" is based on, "estimates of the equilibrium 
•in p 
solubility on the temperature where D = 10 cm /sec." D is 
the diffusion coefficient of the interstitial in the metal in 
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question and is at least as uncertain as the solubility. 
Table 3 lists the values considered by Hahn, et al&, to be 
likely solubility limits for niobium (columbium) and tantalum. 
The values for oxygen in niobium and nitrogen in tantalum are 
higher than values reported for room temperature solubility. 
Table 3« Maximum room temperature solid solubility of 
interstitials in niobium and tantalum after 
moderate cooling rates3 
Solubility, com 
Hydrogen Carbon Nitrogen Oxygen 
Niobium 9000 100 300 1000 
Tantalum 4000 70 1000 200 
^Compiled from data presented by Hahn, et al. (48). 
Figure 4 illustrates the findings of Hiltz on the effect 
of oxygen, nitrogen and carbon on the slow-bend transition 
temperature of niobium. His tests were ^conducted as slow-
bend tests on recrystallized material and showed nitrogen to 
be most effective and carbon least effective in raising the 
ductile-to-brittle transition temperature. One of the 
propositions by Hahn, et al., generalized the order of 
embrittlement of refractory metals by interstitials to be 
hydrogen (most potent), nitrogen, oxygen and carbon (least 
potent). 
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Figure 4. Effect of carton, nitrogen and oxygen in the ductile-to-brittle 
transition temperature of niobium (after Hiltz) 
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Interaction of interstitials with dislocations may be 
treated in terms of the Cottrell equation (Equation 5, above), 
and in this case information on solubility, lattice strain and 
diffusion behavior of interstitials in refractory metals is 
partially available (5, 17, 63, 88, 89, 90, 97). Table 4 
summarizes the values of average lattice strain in niobium and 
tantalum due"to the interstitial elements carbon, hydrogen and 
nitrogen. Equivalence in terms of interstitial solutes can 
then be taken as compositions in tantalum and niobium which 
produce equivalent interaction of dislocation with inter­
stitials, i.e. produce equal dislocation pinning. Examination 
of Equation 3 shows that values for the elastic shear modulus, 
Poisson's ratio, the dislocation Burger's vector and lattice 
strain due to solute atoms are required. Experimental values 
are available for values of shear modulus and Poisson's ratio 
at room temperature and for shear modulus at temperatures 
above room temperature. Since the brittle transition occurs 
below room temperature, modulus values in that range would 
be useful to determine equivalent conditions ; however, none 
have been reported. The variation in elastic modulus with 
temperature for both materials has been summarized by Tietz, 
et al. (107). No information is available on variations of 
Poisson's ratio with temperature, and no reasons are known 
for large changes in these values with temperature; therefore, 
ratios for niobium and tantalum at room temperature will be 
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Table 4. Change of average lattice parameter for 
interstitial solid solutions in niobium and 
tantalum 
Lattice parameter change 
Interstitial A/atom per cent 
Niobium Tantalum 
Carbon 0.00100 0.00100 
Oxygen 0.0026? 0.00378 
Nitrogen 0.00570 0.00460 
considered to be related in the same way at lower test 
temperatures. The reported slip direction in all body-
centered cubic metals has been [ill] , so the Burger's vector 
may be taken as a0V3/2, where a0 is the lattice parameter. 
The Burger's vector for all dislocations will obviously not 
have precisely this value, but in the absence of contrary 
information it can be assumed that the distribution of 
dislocations of given Burger's vector will be essentially 
the same in the two metals provided that the dislocation 
densities themselves are similar. 
The terms r and a in the Cottrell equation are 
coordinates which describe the location of the atoms with 
which the dislocation interacts independently of the lattice 
structure and hence may be arbitrarily selected at any given 
temperature. 
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Equation 7 expresses the conditions necessary for 
interstitial equivalence in niobium and tantalum. 
Equation 8 is the form of the expression into which 
(0.5762)(ec-Nb x at$C + eQ_îfb x at^O + eMb x at#N) 
(8) 
= (ec_Ta x at^ C + eo-Ta x at^ ° + eN-Ta x 
composition values for the test materials are to be inserted 
for evaluation of equivalence. Schoeck and Seeger (9*+), have 
presented arguments which show that the effect of inter­
stitials on the deformation of body-centered cubic metals is 
not entirely due to so-called Cottrell locking, but is a 
function of Snoek ordering of the interstitial atoms into 
interstitial sites of minimum strain energy. The expression 
derived by Schoeck and Seeger for dislocation interstitial 
interaction is found to dominate only at room temperature and 
above and J^ence may be ignored when considering the brittle 
behavior of niobium. 
The theories of Johnston and Gilman (61) and Hahn (47, 
4-9) concern mobility of unpinned dislocations and depend on 
mobility and generation of fresh dislocations from disloca­
tions present before straining and not pinned at the time the 
load is applied. The composition enters in determination of 
_ 
GNb (aONb^ ei-Nb 1^+vNb 1^"vTa^ 
1 
~ 
GTa (&OTa^ ei-Ta (1+vTa 1^-vNb^ 
( 7 )  
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initial free dislocation density and in its effect on disloca­
tion velocity and multiplication under stress. Density of 
pinned dislocations may be estimated from Cottrell's equation 
and the concentration of impurity atoms. The magnitude of the 
impurity effect on the other variables has not yet been 
I 
determined. 
Conrad and Hayes (22) and Gregory (M+) consider that 
yielding is a single thermal activation process and that the 
mechanism of tearing pinned dislocations from Cottrell 
atmospheres does not account for the low-temperature yield 
behavior in body-centered cubic refractory metals. They find 
that the Peierls-Nabarro, or lattice friction, force on 
dislocations accounts for experimental results. In the 
Peierls-Nabarro model, foreign atoms in the lattice present 
variations in lattice energy which the dislocation must over­
come in order to move. The pinned dislocations play no part 
in yielding or flow and impurities not associated with 
dislocations are of more direct importance, but the effect 
of unassociated impurities has not been quantitatively 
determined. The pinned dislocations also contribute to 
the Peierls-Nabarro force in that they provide long range 
static stress fields against which free dislocations must 
be moved. 
In all three models the only measured effect of inter­
stitials is pinning dislocations, whether to slightly inhibit 
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dislocation motion or to remove them from further contribu­
tion. Though admittedly only a rough approximation because 
true dislocation core conditions are unknown, the Cottrell 
equation does provide the only means of comparison of effects 
of interstitial solute atoms on mechanical behavior. 
The desired condition in terms of interstitial atoms, 
then, is that Equation 6 be satisfied for comparable test 
materials. Compositional equivalence consists of satisfac­
tion of Equation 6 for single phase materials of high purity 
with respect to substitutional alloying elements. 
Structural equivalence 
In addition to interaction with alloying atoms, 
dislocations also interact with each other or with grain 
boundaries, surfaces or second phases. Since our intention 
is to eliminate second phases from the alloys to be tested, 
we can neglect further discussion of that aspect of the 
problem of structural equivalence. 
Fetch and coworkers (28, 53» 86) in tests on iron 
discovered a relationship between the lower yield stress of 
iron and the grain size. The relationship, Equation 2, is 
ay = Œq + ky d-1/2 (2) 
characterized by the two yield parameters, ky and aQ. The 
term a0 may be considered to be the lattice friction stress 
acting on the dislocation in motion through the crystal. 
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This in turn is composed of at least two parts, one of which 
is temperature dependent and generally called the Peierls-
Nabarro force, and a non-temperature dependent component 
which is a function of the impurities, dislocations, etc., 
in the lattice. Recent work (22, ^ 3, 44, 53)» which has 
attempted to separate the parts of a0, indicates that for 
body-centered cubic materials the Peierls-Nabarro force is 
responsible for most of the observed increase in yield stress 
with decreasing temperatures. cQ is often evaluated by the 
"grain size" method in which yield stress is plotted against 
the inverse root of the grain size. The intercept of the plot 
with the stress axis at infinite grain size is crQ. 
The parameter, ky, often called^the unlocking parameter, 
is the slope of the plot of lower yield stress versus the 
negative square root of the grain diameter. According to a 
model developed by Cottrell (26), ky is a term which is 
related to the stress necessary to propogate dislocations 
across grain boundaries in polycrystalline materials. Fetch 
(40) arrives at the same significance for ky using a 
different dislocation model. 
If the presence of a yield point is considered to be an 
irregularity in a naturally smooth stress-strain diagram, one 
can extrapolate the smooth portion of the diagram above the 
lower yield elongation back to intersect the elastic portion 
of the curve. The intersection defines a0, the stress 
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required for motion of free dislocations. The remaining 
stress up to the lower yield would be cra, the stress 
necessary for motion of dislocations in the presence of 
some interferring mechanism. Since grain boundaries comprise 
an interference to dislocation motion, and since the yield 
strength of polycrystalline materials has been recognized to 
be a function of grain size since Sorby first identified 
grains in metals, it is not unreasonable to attempt to 
relate the stress aa to the grain size in a material. Since 
Fetch and coworkers found that yield stress was proportional 
to the inverse square root of grain size, aa conveniently 
becomes some constant, ky, times the inverse root of grain 
size. This procedure, called the extrapolation method, has 
been used to evaluate a0 and ky from individual tensile 
tests. The requirements for such interpretation are that 
the diagram be relatively precise so that the lower yield 
stress is accurately determined and well defined, and that 
the stress-strain curve be well defined beyond the yield 
elongation. 
Johnson (60) has compared the values of ky and oQ 
obtained by both grain size and extrapolation methods for 
molybdenum and finds disagreement between the values obtained. 
He concludes that the stress-strain extrapolation, sometimes 
called the Luder's Strain method, is the least satisfactory 
of the two because of deficiencies in determination of 
1+9 
stress-strain curves. Work by Lement, et al. (69) indicates 
that the grain size extrapolation methods contain the largest 
inherent error, since the technique of obtaining a large 
enough range of grain sizes for reasonable extrapolation 
consists of annealing the original fine grain material at 
several temperatures. The resulting substructure is different 
for each annealing temperature, and Lement, et al. (69) 
postulate that the substructure determines the true slip 
length which is the physical condition from which the grain 
size dependence is obtained. Thus, variation in grain size 
of a given material is accompanied by a variation in 
substructure which, however, is not measured or considered 
in the grain size extrapolation. 
The parameter, ky, for niobium and tantalum has been 
found to be an order of magnitude smaller than for molybdenum, 
tungsten, etc., and in some cases has been found by the grain 
size method to be zero (59) or even negative (69). Since the 
material for which negative ky values were obtained by the 
grain size method exhibited yield points in the stress-strain 
diagrams, the ky, if it is truly a measure of the stress 
required for propagation of dislocations across grain 
boundaries, cannot be zero. Evans (36) found that strain-
annealed niobium exhibited a much stronger grain size yield 
dependence than did material of the same purity but 
conventionally annealed. These results then support the 
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postulates of Lement, et al. (69) and suggest use of the 
extrapolation method for evaluation of the yield parameters, 
since that method does not depend on measurement of the 
structural elements interferring with dislocation motion. 
The stress-strain extrapolation technique, however, has 
serious limitations, one of these being the necessity for 
well-defined lower yield elongation and subsequent work 
hardening which is not always obtained. Even when special 
care is taken, tensile testing of tantalum and niobium at 
temperatures much below room temperature results in stress-
strain diagrams which never exhibit a work hardening region 
after yield elongation. The usual explanation for such 
stress-strain behavior is that plastic instability in the 
form of necking occurs immediately after yielding. Tests on 
various grain sizes of the same material at these low 
temperatures oJten reveal, however, a dependence of yield 
•strength on grain size. If the post-yield portion of the 
stress-strain curve has a negative slope, extrapolation of 
that portion will intersect the elastic curve above the lower 
yield stress and ky will be negative. In accordance with 
findings previously mentioned, ky would be negative. We 
must conclude, therefore, that the parameters in the Fetch 
equation are ambiguous in the case of niobium and tantalum 
at low temperatures. Nonetheless, we must determine some 
equivalence of grain size between the two materials for our 
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investigation. 
The extrapolation difficulties with stress-strain 
diagrams which show ill-defined transitions from yield 
elongation to work hardening regions or which have negative 
work hardening regions can also be observed if strain para­
meters are used in place of stress parameters. The strain 
at the end of lower yield elongation is always positive. 
Since the treatment of the material consists of the 
arrangement, rearrangement and interaction of dislocations, 
it seems reasonable for yield elongation to be related in 
some way to dislocation array in a given material (as is 
done in the Hahn (47) development). This does not, however, 
provide a convenient means of measuring aQ. If a0 is a 
constant for a given composition of material, then a plot 
of yield elongation versus grain size extrapolated to zero 
yield elongation would give the strain at aQ. From this 
strain aQ could be readily calculated since the theory 
postulates that a0 is at most the upper end of the elastic 
strain range. 
Schmidt (93) has presented the results of Savitsky's 
work on the annealing of tantalum in the form of deformation-
temperature-grain size plots which indicate that appreciable 
grain growth does not occur below 1600°C even though 
recrystallization occurs as low as 1100 or 1200°C. Page 
(83) reports that recrystallization in niobium occurs as 
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low as 900 to 1000°C, and that grain growth becomes noticeable 
at 1300 to 11+00°C. Note that the ratios of temperatures of 
recrystallization and grain growth -to the melting temperatures 
of the two materials are essentially the same. The work by 
Lement, et al. (69) on substructures also indicates that the 
temperatures at which the substructures change from tangled 
networks to open networks to widely spaced subboundaries for 
the two materials are in about the same ratio as their 
melting temperatures. Hull, _et al. (55) determined the 
distribution of dislocations in annealed tantalum in which 
they found that a well-ordered area of subboundaries replaces 
subnetworks at temperatures above 1200°C for 30 minute holding 
periods. The dislocation density in tantalum was reported as 
somewhat less than lO^/cm^ at temperatures above l400°C. 
Unfortunately, no comparable discussion of dislocation 
densities in niobium has been located. From the previous 
discussion, it appears that treatments of the two metals for 
the same length of time but at temperatures in the same ratio 
as their melting temperatures will produce essentially the 
same structures both in terms of grain size and substructure. 
Table 5 is a summary of yield parameter values from 
Gilbert, et al. (4-3) and Koo (65) and from a table prepared 
by Wilcox and Huggins (116) from published test data on 
niobium and tantalum at low temperatures. Equivalent 
dislocation-interstitial interaction energies calculated 
Table 5* Summary of values for the yield parameters aQ and ky for niobium and 
tantalum 
Composition - nom 
Equiv­
alent 
energies 
Test 
temp. 
°K 
Strain 
rate 
10-4 
a°o 
10° 
dyne 
ky6 10° 
dyne 
c N 0 H sec. cm2 cm3/2 
Niobium 
50 60 5 1.60 295 0.10 1.0 52.0 
— 20 90 30 1.22 295 0.45 3.4 0.0 
— 90 190 61 4.05 295 0.83 6.4 7.9 
100 25 50 78 1.46 295 0.83 6.6 9.4 
700 500 100 200 12.01 295 2.0 6.9 2.8 
— 100 120 15 3.65 295 0.83 7.3 4.2 
104 215 230 7 7.08 295 0.83 7.4 2.7 
100 i4o 340 14 6.34 295 0.88 8.3 0.0 
100 500 — 6.53 295 4.07 9.o. 5.oh 
25 50 53 - 1.02 295 - 9.8b 16.0b 
25 50 53 — 1.02 295 - 9.8 15.1 
30 70 26 7 1.71 295 O.83 10.2c 8.2c 
- 50 60 5 1.60 223 0.10 3.1 79.0 
700 500 100 200 12.01 195 2.0 12.4 3.8 
100 l4o 340 14 6.34 195 0.88 14.5 0.0 
^Calculated from Equation 8. 
bBy the extrapolation method. 
cFracture stress. 
Table 5. (Continued) 
Composition - ppm 
C N 0 H 
— 100 500 — 
25 50 53 — 
25 50 53 — 
-
100 500 -
- 50 60 5 
700 500 100 200 
100 140 340 14 
700 500 100 200 
25 50 53 
18-40 3-12 3-20 0.4-10 
50 101 82 8 
50 12 . 12 
~8 50 101 82 
8 22 14 — 
35 12 12 -
35 12 12 — 
8 100 14 -
50 12 12 — 
3 12 147 -
12 96 -
100 14 — 
Strain ao ky, 
Equiv- Test rate 10° 10" 
aient temp. 10"^ dyne dyne 
energies3 °K sec. cm2 cm3/2 
6.53 
1.02 
1.02 
195 
195 
195 
4.07 16.9, 
17. OD 
20.2 
2.0, 
13.7* 
-2.7 
6.53 93 4.07 33.4 0.0 
1.60 88 0.10 14.5 102.0 
12.01 
6.34 
12.01 
1.01 
77 
77 
77 
77 
2.0 
0.88 
6160.0 
33.1 
35.8 
39.0 
65.6 
5.2 
0.0 
7.3 
-36.0 
Tantalum 
58-2.21 295 5.0 6.5 
10.41 295 1.09 10.8 
2.00 295 - 13. ob 
10.47 295 9.95 14.5, 
2.08 295 — 15.0% 
1.78 295 — 16.0 
1.78 295 17.7% 
6.87 295 - 18.8% 
2.00 295 — 19.0, 
7.06 295 — 19. ob 
4.88 295 - 19.3 
6.87 295 - 19.8 
23.0 
10.4 
21.1 
10.4, 
30.6b 
17-9, 
io.9% 
22.4% 
21.1, 
42.6% 
49.0 
10.9 
Table 5» (Continued) 
Equiv-
Composition - ppm aient 
C N 0 H energies3 
3 12 96 - 4.88 
50 12 12 2.00 
8 22 14 — 2.08 
3 12 147 - 7.06 
3 12 147 - 7.06 
18-40 3-12 3-20 0.4-10 0.58-2.20 
50 101 82 8 10.47 
50 101 82 8 10.47 
35 12 - 12 — 1.78 
8 22 14 — 2.08 
50 12 12 — 2.00 
8 100 14 6.87 
8 100 14 — 6.8 7 
3 12 147 — 7.06 
35 12 12 — 1.78 
3 12 96 - 4.88 
3 12 96 - 4.88 
50 12 12 — 2.00 
50 12 12 — 2.00 
8 22 14 — 2.08 
3 12 147 - 7.06 
Strain °o ky 
Test rate 10° 10° 
temp. 1Q-4 dyne dyne 
°K sec. Cm2 cm3/2 
295 26.6% 12.6b 
230 
230 
230 
230 
203 
195 
195 
195 
195 
195 
195 
195 
195 
195 
195 
195 
150 
150 
150 
150 
5.0 
1.09 
9.95 
23.0? 
24. Oj 
28.5% 
31.0 
13.0 
19.0 
23.5 
25.2 
26.0. 
28.0% 
31.2. 
32.0b 
34.0b 
34.0b 
8.2, 
l.ob 
36.0e 
53.0 
53.0 
53.0 
37.0b 
54.6b 
38.0 
10.4 
10.4 
74.4 
18'.5b 
26.0 
19.lb 
S:# 
12:6» 
16.7b 
16.7 
50.0 
76.7 
VA 
Table 5. (Continued) 
Composition 
- nom 
Equiv­
alent 
energies3 
Test 
temp. 
°K 
Strain 
rate 
10"^ 
00 
0) 
O
 O
 
f
i 
b
 
H
 
!>
j 
ky6 10° 
dvne 
c N 0 H sec. cm^ cm3/2 
5o 12 12 2.00 125 65.0 34.0 
8 22 14 — 2.08 125 — 65.0 39.0 
3 12 147 - 7.06 125 - 65.0 80.7 
l8-4o 3-12 3 -20 0.4-10 0.58-2.20 77 5.0 28.8 52.0 
50 101 82 8 10.47 77 1.09 42.6 10.4 
50 101 82 8 10.47 77 9.95 42.6 10.4 
3 5 12 12 8 1.78 77 — 62.5 120.0 
8 100 14 — 6.87 77 — 6 7.5 84.6 
3 12 96 — 4.88 77 - " 91.0 14.0 
50 12 12 - 2.00 77 - 79.0 16 » 7 
8 22 14 - 2.08 77 - 79,0 48.2 
3 12 147 - 7.06 77 - 79.0 61.2 
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from Equation 8 are also listed for each composition. Figure 
5 illustrates the range of values reported for ky, which is 
supposed to be independent of compositional variations, for 
both niobium and tantalum. The figure shows that the ranges 
of ky for tantalum and niobium overlap; therefore, small 
grain size variations are not likely to make noticeable 
differences in otherwise equivalent materials. The conditions 
desired for structural equivalence, then, are practically 
identical grain size substructure in both materials. 
Test Equivalence 
The testing conditions must meet a variety of require­
ments . First, they must be chosen so as to induce brittle 
behavior in niobium at some temperature which can be readily 
attained and maintained. Second, they must provide 
equivalent, but not necessarily identical, conditions such 
that the material behavior rather than the testing system 
characteristics will be observed. 
Stress distribution 
Since the behavior of interest is the ductile-to-brittle 
transition range, the most experimentally convenient stress 
distribution would be that which produced brittleness at the 
highest temperature. The conditions which produce the 
maximum transition temperature are those which induce stress 
concentration and triaxial tensile loading in large specimens, 
niobium 
tantalum 
50 100 150 200 
temperature - °k. 
_L 
250 300 
vn 
00 
Figure 5- Plot of grain size yield parameter, ky, for niobium and tantalum 
at low temperatures 
1 
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e.g., tensile loading of specimens with sharp notches 
transverse to the load axis (see Figure 1). These conditions, 
however, are unsatisfactory on two counts. Small specimens 
are preferred in order to minimize inhomogenieties in the 
specimen material. Production of notches in specimens of any 
size, and particularly in small specimens, introduces the 
problem of precise reproducibility of the notch geometry. 
Even in easily machined materials, sharp notches are difficult 
to reproduce with precision, and the materials under consider­
ation are difficult to machine. Therefore, use of notches to 
raise the ductile-to-brittle transition range would unneces­
sarily introduce processing variables as well as complicate 
observation of resulting deformation. The one specimen 
configuration which insures highest reproducibility in ' 
stress distribution during testing is the uniform cylindrical 
tensile specimen. Test equivalence can best be maintained 
by use of small cylindrical tensile specimens loaded so as 
to insure axiality during testing even though the temperature 
of interest may be less convenient. 
Surface conditions 
The effects of surface conditions on brittle behavior 
arise from two sources : first, roughness of the surface; 
and second, residual stresses at or near the surface. 
Surface roughness produces stress concentrations, but of 
indeterminant magnitude. Reproducibility of test results, 
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therefore, demands minimum surface roughness. Surface 
residual stresses arise either from heat treatment in which 
thermal gradients and/or phase transformations occur, or 
from mechanical working which produces plastic deformation 
in a localized region. The best surface condition to insure 
reproducibility of result.-; would be a surface highly polished 
after all heat treatment, then treated to remove any plastic 
deformation resulting from polishing. The most satisfactory 
methods for minimizing plastic distortion during polishing 
are standard metallographic techniques. Final removal of 
distorted surface layers may be accomplished by either 
polishing or etching by electrolytic or simple chemical 
methods. In either case, some care must be exercised to 
avoid contamination of the metals by the etchants. 
Interest in the deformation mechanisms also requires the 
best possible surface so that appearance of slip markings or 
l 
twin traces may be observed. The surface condition desired 
for testing equivalence is, therefore, a strain-free, 
metallographically polished and etched surface. 
Temperature and strain rate 
With complete material equivalence for niobium and 
tantalum specimens the yield strengths found in tensile 
testing at equivalent temperature and strain rate should be 
the same unless different mechanisms of deformation operate 
I 
in the two metals. Two kinds of properties obtained from 
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.tensile testing are strength and ductility. Since the object 
of this investigation is to determine the behavior of niobium 
and tantalum under conditions where niobium undergoes a 
ductile-to-brittle transition, the yield strengths are the 
properties which must be equal to establish equivalent 
testing conditions. 
The yield strengths of niobium and tantalum are generally 
increased by decreasing temperature or increasing strain rate. 
Figure 2 shows the ranges of yield strengths of the two metals 
at low temperatures for various compositions, structures, etc. 
The ranges overlap at temperatures above 200°K when strengths 
are plotted as in Figure 2. .If strength versus per cent of 
melting temperature were plotted for both materials, the 
ranges would overlap over nearly the entire temperature range 
for which values of yield strength have been reported. 
Figure 6 shows yield strength versus temperature for specific 
compositions of niobium and tantalum. The numbers accompany­
ing each line represent the equivalent compositions as 
calculated from Equation 8. The pairs of lines of nearly 
equivalent compositions unfortunately are for materials of 
different grain sizes and structures tested at different 
strain rates. Ignoring temporarily the strain rate and 
structural differences, equivalent temperatures for composi­
tions of niobium and tantalum having equivalent dislocation-
interstitial interaction energies may be determined by 
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tantalum 
\ 
20 
12.4 a 4.9 
h niobium 
8.1 a 6.5 
100 200 
temperature - °k 
300 
Figure 6. Low temperature yield strengths for niobium and 
tantalum of equivalent compositions 
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interpolations on Figure 6. 
The reported effects of strain rate on yield properties 
of niobium and tantalum are summarized in Table 6. Near 
liquid nitrogen temperature the averages of the reported 
values for yield strength change with change,in strain rate 
are twice as high for niobium as for tantalum. But both 
fall well within the variation in yield strengths observed 
for these metals at the same strain rate under the given 
testing conditions. Near room temperature the effect of 
strain rate on the strength of niobium is still very small 
but for tantalum amounts to a three per cent change in yield 
strength due to an increase in strain rate by a factor of 
ten. For fine-grained tantalum tested at room temperature, 
three per cent variation in yield strength is not unusual 
even for tests at one strain rate. Then for testing at 
nearly the same temperatures, differences in strain rate 
effects in niobium and tantalum are so small that equal 
strain rates may be considered equivalent strain rates. 
The information available from the literature is 
insufficient to determine the absolute magnitudes of the 
yield strengths of niobium and tantalum for a given 
temperature and strain rate. 
Determination of equivalent test conditions must, 
therefore, be a trial-and-error process in which either 
strain rate or temperature is held constant and the other 
eU-
Table 6. Summary of effects of strain rate on yield stress 
in niobium and tantalum 
Temp. 
°K 
Change 
in 
yield 
stress 
% 
Niobium 
Change 
in 
strain 
rate 
x ô0 
Acr, 
A10Ô 
Tantalum 
Change 
in 
yield 
stress 
% 
Change 
in 
strain 
rate 
x ên 
Acr 
Z_ 
AlOê 
77 
Averages 
20.4 300 0.68 1.6 90 0.18 
15.9 300 0.53 —0.8 90 -0.09 
17.6 300 0.65 -4.6 90 -0.52 
-6.2 90 -O.69 
0.8 90 0.09 
1.6 90 0.17 
3.2 90 0.36 
-0.8 90 -0.09 
-0.8 90 -0.09 
3.1 31 1.02 
18.6 1780 0.14 
0.62 0.33 
123 
148 
173 
195 
36.3 
5.3 
7.3 
Average 
223 
293 
0.0 
14.5 
10 
2000 
10 
10 
2000 
36.30 
0.03 
7.90 
0.00 
0.07 
Average 
22.8 90 2.53 
22.3 90 2.59 
19.7 90 2.19 
26.2 90 2.91 
27.6 90 3.06 
14.1 90 2.43 
21.9 90 1.57 
2.49 
44.4 90 4.00 
22.4 90 2.49 
26.3 90 2.92 
26.3 90 2.92 
3.08 
aPer cent change in yield stress per increase in strain 
rate by a factor of 10. 
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adjusted to obtain essentially equal strengths in otherwise 
equivalent niobium and tantalum. The equivalent temperatures 
estimated from Figure 6 should serve as starting values. 
Summary of Conditions to be Obtained 
The tantalum and niobium to be used in this investigation 
shall be high purity, single phase material. The amount of 
substitutional alloying elements shall be as low as possible. 
The interstitial impurity levels should be low in order to 
assure solid solubility and should be in ratios to produce the 
same potential energy of interaction of dislocations and 
interstitials in both materials. The grain sizes and sub-
grain structures must be essentially equal. 
The specimens shall be small, uniform, cylindrical 
tensile specimens, metallographically polished and etched 
to minimize contamination, roughness and surface strains. 
The testing temperatures and strain rates will be adjusted 
so as to produce the same values for yield stress in both 
materials. 
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ATTAINMENT OF CONDITIONS 
The purpose of tnis investigation is to study deformation 
behavior of equivalent niobium and tantalum in the range where 
niobium undergoes a ductile-to-brittle transition in mechani­
cal properties. The first requirement for the investigation 
was selection of conditions such that brittle behavior could 
be obtained. The accompanying requirements were that ductile 
behavior also be attained, and that both behaviors be 
observable and amenable to some sort of systematic analysis. 
General conditions necessary to equivalence were 
discussed in the previous section, and the purpose of this 
section is to extend the discussions to determine specific 
conditions of equivalence. This section describes in detail 
the experimental procedures used in attaining the selected 
equivalent conditions. 
Niobium was selected as the base material to be adjusted 
to desired conditions, because it is known to exhibit brittle 
behavior. Tantalum was then adjusted for equivalence with 
the previously prepared niobium. 
The duetile-to-brittle transition in tension has been 
reported to occur in niobium at temperatures below 148°K, 
depending on the composition, grain size, strain rate, etc. 
Except for composition, grain size and strain rate, the 
conditions affecting ductile-to-brittle transition were fixed 
by considerations presented in the previous section. The 
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problem began, therefore, with attempts to control the 
remaining variables so as to induce brittle behavior under 
tensile stresses applied at experimentally convenient 
temperatures. Mitriding and annealing were used to adjust 
compositions. C-rain size control was accomplished by 
annealing, and strain rate was used as the final adjustment 
during testing. Iîitriding, annealing, sample preparation 
and tensile testing are described in this section, but 
detailed analyses of the tensile testing results are reserved 
for the following section. 
Mitriding 
Attempts to purchase niobium and tantalum of equivalent 
composition were unsuccessful. Materials of high enough 
purity to permit adjustment of composition within the limits 
imposed by the problem were then obtained from Fansteel 
Metallurgical Corporation. 
Hitriding was selected as the principal means for 
adjustment and control of the alloys, first because confirma­
tion of Hiltz's data (see Figure 4) was desired, second 
because some work was necessary to determine lattice strain 
of niobium caused by nitrogen, and third because the reaction 
of niobium and tantalum with nitrogen is slow enough to 
permit some control over the process (6?, 62). Before 
describing the experiments performed for nitriding, the 
expression for compositional equivalence will be considered, 
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and the terms of the expression will be determined. 
Preliminary development 
Development of the expression for equivalence In 
developing the expression (Equations 3 arid 5) for the energy 
of interaction of dislocations with solute atoms, Cottrell 
calculated the strain energy in the elastic region around an 
edge dislocation and the elastic strain energy of an individ­
ual solute atom inducing hydrostatic strain in a homogeneous 
elastic lattice. He then considered the difference in strain 
energy attained by placing the solute atom in the strain field 
of the dislocation and called this the interaction energy. He 
notes that this is a rough approximation since the greatest 
strain relief would be obtained by locating the solute atom 
in the core of the dislocation where the lattice distortion 
is greatest. But the amount of strain energy at the core of 
the dislocation is not amenable to evaluation, and the 
behavior of a foreign atom in that location is also unknown. 
The second approximation in the expression comes from the 
fact that an interstitial atom in a body-centered cubic 
lattice may not produce hydrostatic strain but instead is 
expected to strain the lattice primarily along a [lOO] 
direction. Thus a shear strain may also be introduced and 
the interstitial solute atoms may interact with both edge 
and screw dislocations. The form of the interaction energy 
expression remains the same if the volume strain due to the 
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interacting solute atom is used in place of the linear strain 
in the expression for edge dislocation-atom interaction, but 
the most probable location of the interstitial atom is found 
to be in the slip plane of the dislocation (94). 
At this point an additional problem arises. How may the 
volume strain (or for that matter, the linear strain) be 
evaluated? For carbon in iron, martensite is a super­
saturated solid solution of carbon in body-centered tetragonal 
iron. The tetragonal lattice may be assumed to be the result 
of anisotropic distortion due to carbon in the body-centered 
cubic lattice, and the tetragonal lattice parameters may be 
determined for various amounts of dissolved carbon. The 
volume variation with carbon is then extrapolated to 33-1/3 
atom per cent carbon - one carbon per unit cell - to evaluate 
the local lattice strain due to interstitial carbon. Since 
the maximum solubility of carbon in martensite is 2 weight 
per cent (about 10 atom per cent), the extrapolation to 
33-1/3 atom per cent may be somewhat presumptuous. 
The carbon in martensite evaluation also ignores the 
presence of defects such as vacancies and dislocations in 
martensite. The defects could interact with some of the 
carbon atoms and thereby reduce their strain contribution to 
the measured lattice parameters. If the number of defect-
carbon interactions were the same throughout the range of 
composition considered, then the parameter measurements would 
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be valid over that ran^e. The only way in which constant 
defect-carbon interaction could be assured would be by 
saturation of all defects present for all compositions con­
sidered. The number of defects available in the martensite 
lattice parameter determinations has not been determined. 
The saturation concentration is not certain either. Some 
authors (52, 117, 118) propose that precipitation must occur 
on dislocations as a limiting condition of interstitial-
dislocation interaction, while others (19, 56, 62) suggest 
that some sort of equilibrium atmosphere concentration will 
be attained. Either way, we have no assurance that the 
measured strain with carbon content is really the value 
necessary for the Cottrell expression. The amount of 
carbon in martensite is large, however, and the error in 
strain measurement may be even less than the original 
approximations in the expression. 
In other body-centered cubic metals, strain evaluation 
is not quite so convenient. First, no supersaturated tetra­
gonal forms on which to make lattice strain measurements have 
been produced. Some tetragonal phases consisting of body-
centered cubic refractory metals and elements which dissolve 
interstitially have been observed, but in other cases the 
phases in equilibrium with the solid solution are hexagonal 
or cubic. Any of the three types of structures may be 
analyzed for cell volume and compared with the solid 
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solutions, but the fact that they are distinct phases 
indicates that they are lower energy states than a solution 
at the same composition. Lower energy may be attained by 
metal-interstitial atom bending to achieve a smaller volume 
per mole. If this were the case, the strain due to solid 
solution would be greater than that calculated from the 
tetragonal phase unit cell dimensions. 
Lattice strain with solid solubility may be determined 
readily, and has been determined for many combinations of 
metal-interstitials as a method for determination of solubil­
ity limits. For the transition metals, however, the total 
solid solubility is somewhat less than one atom per cent, and 
information about conditions at 33-1/3 atom per cent are 
required. The low solubility of interstitials in them 
indicates that precipitation readily occurs at low concentra­
tions so some of the atoms may be taken out of solution as 
dislocation precipitates which are not detectable by x-ray 
methods. 
Information on dislocation densities in body-centered 
cubic metals is scarce, and information on dislocation 
precipitation is rare. Determination of solute concentration 
is difficult and for low concentrations values are imprecise. 
The fact that precision in composition determination improves 
at high concentrations coupled with the likelihood of 
dislocation saturation by solutes at higher concentrations 
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enhances confidence that variation in average lattice strain 
may actually be due to variation in interstitial solute 
concentration. Extrapolation from 0.3 to 33 atom per cent, 
however, remains a dubious procedure. 
From the above it appears that evaluation of lattice 
1 
strain with interstitial solution at concentrations near 
the solubility limit would give meaningful values if the 
dislocation density were the same for all measurements, 
and if the dislocations were saturated in all measurements. 
I 
Approximately the same dislocation densities may be obtained 
by identical annealing procedures; and if the material were 
of the desired composition prior to annealing, identical 
annealing times would be expected to achieve consistent 
distribution of impurities in the materials. 
If the ratios of interaction energies are considered, 
the inherent uncertainty in the expressions may be minimized; 
and the lattice strain with solid solubility will be a better 
comparative value than a value obtained by linearly extrapo-
I 
lating a possibly non-linear function over two orders of 
magnitude. When the interaction energy of a given solute 
with dislocations in tantalum is compared with the equivalent 
interaction energy in niobium, expressing the comparison as 
an energy ratio does not necessarily remove the ambiguities 
due to uncertainty as to the true state of the dislocation 
core. The dislocation dimensions are the same for both 
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metals, however ; and if the core condition is related to the 
first power of the elastic shear modulus, the errors due to 
dislocation core approximations should be minimized by using 
the ratio. 
Evaluation of terms of the equivalence expression 
Table 7 summarizes values for lattice strain with interstitial 
solubility for the interstitials of interest in niobium and 
tantalum. The values reported in the literature are generally 
in good agreement except for nitrogen in niobium. 
The values from Brauer and coworkers for nitrogen in 
niobium may have been influenced by other impurities. Cost 
and Wert (2*+) conclude from examination of the thermodynamic 
properties of the nitrogen-niobium solution that dissolution 
of nitrogen involves practically no entropy change due to 
lattice distortion. Their conclusion seems incongruous with 
the findings by Hiltz (Figure 4) that nitrogen was much more 
potent in raising the ductile-to-brittle transition tempera-; 
ture than oxygen or carbon. 
A different approach was taken by A. Ferro (39). Ferro 
postulated that the mechanism of interstitial diffusion in 
body-centered cubic lattices was by jump from one interstitial 
site to another adjacent, and that the activation energy 
required for such a jump was just the elastic strain energy 
necessary to fit the interstitial atom into the new 
interstitial site. His calculations of activation energies 
I 
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Table 7. Average lattice strains per atom per cent 
interstitial in niobium and tantalum 
Niobium Tantalum 
lattice lattice 
parameter parameter 
Interstitial change change 
element A per a/o Reference A per a/o Reference 
Carbon 0.0010 15 0.0010 51 
Hydrogen unknown unknown 
Oxygen 0.0027 97, 12 0.0038 40, 41 
Nitrogen 0.0060 
0.0050 
0.0062 
0.0056 
13,, 95 
14 
—a 
39b 
0.0048 42, 16 
aThis work. 
^Calculated. 
for diffusion in several body-centered cubic metals agree 
I 
very well with experimental values. For tantalum and niobium, 
his results are shown in Table 8. 
The discrepancy for niobium may be due to use of the 
wrong model. However, agreement between calculated and 
experimental values for other body-centered cubic metals 
(including iron, tungsten, and molybdenum as well as tantalum) 
indicates that the model is generally good, but something 
about niobium does not conform to the model assumptions. The 
expression for activation energy from which he made the 
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Table 8. Ferro1s theoretical and experimental activation 
energies and DQ values 
Activation energy Diffusion 
Diffusion d-ha cal/mole coefficient 
Of a Theo­
retical 
Experi­
mental 
Theo­
retical 
Expert 
mental 
c in Ta 0.338 42,000 39,600 0.009 0.018 
N in Ta 0.298 35,000 37,500 0.008 0.006 
0 in Ta 0.267 29,000 25,800 0.004 0.007 
XT It in Mb 0.298 20,000 38,600 0.020 0.003 
0 in ITb 0.267 17,000 27,600 0.008 0.015 
aLattice strain for one atom in one unit cell. 
calculations in Table 8 is 
Q = 1.3 N A G a0 (d-h)2 (1-^) (9) 
where N = number of atoms involved 
A = thermal equivalent of work 
G = polycrystalline shear modulus 
aQ = lattice parameter of solvent 
d = diameter of interstitial 
• h = height of interstitial hole along [lOO] 
R = gas constant 
Tm = melting temperature of solvent 
p = temperature coefficient of the shear modulus 
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referred to the melting temperature. 
q = average atom energy at the temperature of 
diffusion. 
The height of the interstitial hole is the same for both 
tantalum and niobium (0.44 K) if calculated from the lattice 
parameters assuming spherical atoms. Ferro derived the 
energy expressions in terms of the elastic constants in the 
directions of local strain, but in the absence of experimental 
values for the directional elastic moduli he used polycrystal-
line shear moduli values (0.7 dynes per cm2 x 10 2^ for 
tantalum, 0.4 x 10"2 dynes/cm2 for niobium). He assumed 
p = 0.40 for niobium since that value was found experimentally 
for tantalum. The experimental value (107) for niobium is 
0.31. The values 1.42 & for nitrogen, 1.54 for carbon and 
1.32 for oxygen were used for interstitial diameters. 
The discrepancy between calculated and experimental 
activation energies for niobium diffusion cannot be accounted 
for by simply correcting (3; therefore, either d or h or both 
must be incorrect. Using experimental values for Q, (d-h), 
the lattice strain in the unit cell for one atom in an 
interstitial hole may be solved for. Thus (d-h)/a is 
precisely the term used in Cottrell's expression. 
Solving the equation above for niobium yields 
N in Nb = 0.3565 
d^
~
h^
 0 in Nb = 0.3275 
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versus 0.298 and 0.267 calculated by ferro from the spherical 
atom model. These valves are then effective interstitial 
strains. 
These values may be compared with average lattice strain 
per atom per cent interstitial by comparing Ferro1s values 
for tantalum with the previously cited average strain values. 
Then the niobium-nitrogen lattice strain was found to be 
o 
O.OO563 A per atom per cent. Similar comparison between 
Ferro and experimental results for oxygen diffusion in 
niobium shows that the calculated oxygen average strain would 
be much higher than that actually obtained experimentally. 
In order to determine what niobium-nitrogen strain value 
should be used in equivalence calculations, the strain was 
experimentally determined using samples from the starting 
niobium. The niobium powder containing 50 ppm nitrogen and 
50 ppm oxygen was annealed at 950°C under a vacuum of 10"" ^ 
mm Eg for two hours. The annealed powder was divided into 
two parts. One part was nitrided before the lattice 
parameter of the niobium was determined ; the lattice 
parameter of the other part was determined in the annealed 
condition. 
Lattice parameter determinations were made from x-ray 
powder patterns taken with a back-reflection focusing system. 
The lattice parameters determined for each pattern line were 
plotted against (90-6) tan (90-6), where 0 was the diffraction 
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angle, and extrapolated to © = 90°. A least-squares method 
was used in the extrapolation. 
Comparison of the annealed and nitrided patterns showed 
that lines ascribed to the mixed nitrogen-oxygen-niobium 
compound appeared in both patterns but were much more clearly 
defined in the pattern from nitrided powder. Vacuum fusion 
analyses indicated that the oxygen content after annealing 
was well above the room temperature solid solubility limit. 
Therefore, no contribution to lattice strain was expected 
from further change in oxygen content. The niobium lattice 
parameter changed by 0.0010 ii, and the nitrogen in solution 
changed by about 2^0 ppm (0.16 atom per cent). Assuming that 
all change was due to nitrogen, 
eîIb-N = 0.0062 i per atom per cent. 
This is more than twice the value for oxygen in niobium - a 
result consistent with mechanical behavior (37, 68). 
Comparison of room temperature yield strength for varying 
oxygen and varying nitrogen content showed that change in 
yield strength with nitrogen per ppm was 5*7 times as great 
as for oxygen. Comparisons of deformation energy - more 
nearly the proper comparison parameter - found nitrogen 10 
times as effective as oxygen. The grain size of the nitrogen 
material was somewhat larger than that for the oxygen tests. 
The conclusion is that nitrogen has a larger effect on 
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dislocations in niobium than does oxygen, and the values 
obtained by Vrauer and coworkers and in this investigation 
are likely high but nearly correct. The average of these 
values is 0.0057 A per atom per cent, which compares very 
closely with the 5«&3 x lO~^ from Ferro based on diffusion 
activation energies. Therefore, despite Cost and Wert, the 
value for will be taken as 0.0057 X per atom per cent 
for calculation of equivalence. 
Since the only variables in the equivalence expression 
for comparison of two metals are the composition terms, it is 
convenient to rearrange the expression and collect all the 
constant terms into one number. 
For compositional equivalence we want the same energy of 
interaction between interstltials and impurity atoms for both 
materials. The energy expression, Equation 5, shows that the 
energy for an interstitial inducing a strain, e^, varies 
inversely with the distance r of the interstitial from the 
dislocation. The same interaction energy will then be 
obtained for different interstltials at different distances 
depending on the amount of strain induced by the interacting 
atom. The distance between a dislocation segment and an atom 
is inversely proportional to the concentration of atoms if 
the atoms are randomly distributed, i.e. do not interact with 
each other, in the crystal. Powers and Doyle (88, 89, 90, 91) 
found by internal friction measurements that interactions 
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between interstitial oxygen and nitrogen atoms were not 
detectable in alloys with concentrations less than 700 ppm 
oxygen and 300 ppm nitrogen. Above, those concentrations, 
oxygen interacted preferentially with nitrogen first then 
with other oxygens. No carbon interactions were observed. 
Therefore, if our alloys are sufficiently dilute solu­
tions that no interstitial-interstitial interaction occurs, 
the dislocation-interstitial interaction energy is propor­
tional to the concentration, in atom per cent, of the 
interstitial considered. The effect of adding more 
i 
interstltials would be to either force the atoms closer to 
the dislocation, thereby raising the interaction energy, or 
to supply atoms for interaction with initially free 
dislocation segments. Either way the effects of separate 
interstltials would be additive so long as the atoms did 
not interact. Then the length of dislocation with 
interstitial interaction energy, Vj, is, 
1D = Vi x a/o I. 
The condition desired is equal pinning of dislocations in 
both tantalum and niobium, i.e. 
iDNb _ . _ VIWb x a/o JKb no) 
^•DTa ~ VITa x a/o ITa 
If the interstltials interact only with the dislocation and 
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not with each other, we may assume that the pinning effects 
are additive. Then, 
Ipifb _ 1 _ + V0-Nbxa/°0Nb + VN-Nbxa/°%b 
1-DTa vC-Taxa/Z°cTa + V0-Taxa//°°Ta + VN-Taxa//°%a 
or 
W k G„ r? K 111ÏM sin_a. 
(12) 
h ( 1+ Kb ) 
LDNb _ 3 xNb -l-lbd-vwb; r 
L it G Ï»3 b (1+vTa) sin a 
3 Ta Ta ~Ta(l-vTa) r 
eC-Nb x a//° CNb + eO-Nb x a//° °Nb + eN-Nb x ay/° %b 
eC-Ta x a/o CTa + eO-Ta x a/o °Ta + eN-Ta x a/o WTa 
Since for body-centered cubic lattices with spherical 
atoms 4r = V2 a, where a is the lattice parameter, and edge 
dislocations available for slip lie along [ill] where the 
atom spacing is 2r, 
b = 2r = 
or some integral multiple of that value. Rewriting the 
coefficients of Equation 12 in terms of the lattice 
parameters, a, and using the following values : 
Niobium Tantalum 
shear modulus 5*44 x 10^ psi 10 x 10^ psi 
lattice parameter 3.301 A 3.303 S 
Poisson1s Ratio O.38 0.35 
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and the lattice strain values in Table 7, Equation 12 
reduces to 
^DNb (0.5675)(0.001a/oCKb+C.0027a/o0#b+0.0C57a/oN%t) 
lDTa = ( 0.001a/oCTa+0.0038a/Ô07a+0.004g~a/oNTa1 (13) 
Experimental operations 
Starting materials Niobium and tantalum were purchas­
ed from Fansteel Metallurgical Corporation in the form of as-
swaged 1/4 inch diameter rod. The material requested was to 
have equivalent compositions and specified maximum intersti­
tial impurities. The material received met only the maximum 
impurity requirements, but was of high enough purity so that 
composition adjustments could be made. Table 9 summarizes 
the reported compositions of the as-received material. 
Subsequent analyses were all performed at the Ames 
I 
Laboratory, and the original composition reported by 
Fansteel Metallurgical Corporation was used only in 
preliminary calculations. 
Figure 7 shows, at 250 magnification, representative 
microstructures of the as-received rods. No second phases 
were observed. The as-received material satisfied the 
equivalence requirements for single phase alloys 
containing low levels of substitutional alloying elements. 
Selection of nitriding method Nitrogen alloys of 
niobium and tantalum may be prepared by either direct 
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Table 9. Composition of starting niobium and tantalum in the 
as-received condition 
Analysis Composition - ppm 
Element by 8-5 Nb 6-9 Ta 
Carbon Fansteel 10 10 
C onduc t ime t r i c a 34 109 
Hydrogen Fansteel - -
Vacuum fusion3 5 5 
Nitrogen Fansteel 4-0 10 
Vacuum fusion3 68 8 
Oxygen Fansteel 40 10 
Vacuum fusion3 70 29 
Niobium Fansteel Bal. 100 
Tantalum Fansteel 600 Bal. 
Iron Fansteel 70 50 
Molybdenum Fansteel - 50 
Nickel Fansteel - 100 
Silicon Fansteel 100 100 
Titanium Fansteel 50 100 
Tungsten Fansteel 100 100 
Zirconium Fansteel 50 — 
^Performed at Ames Laboratory 
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8-5 niobium 
6-8 tantalum 
Figure 7. Microstructures of niobium and tantalum starting 
materials at 250X 
8? 
gas-metal reaction or by melting together pure metals with 
nitrides of the metals. 
The starting material was obtained in rod form to 
eliminate processing operations such as melting and swaging 
in which uncontrolled contamination of the samples might 
occur; therefore, the method for preparing alloys by melting 
was not attempted. 
Preparation of alloys by gas-metal reaction may be 
carried out by reaction with either pure nitrogen or nitrogen 
produced in the reaction chamber by cracking ammonia. The 
ammonia method for supplying nitrogen often results in 
hydrogen contamination of the alloys. Therefore, that method 
was avoided. 
The amount of nitrogen added to metal samples by gas-
metal reaction may be measured by pressure-drop or weight-
gain methods. In either case, the reaction rate is a function 
of metal temperature. If hot metal is exposed to ,a known 
amount of nitrogen gas in a chamber of known volume, measure­
ment of the reduction of chamber pressure with time provides 
adequate information to calculate the weight of nitrogen 
which had reacted with the metal during a given time. The 
alternative method consists of measurement of weight increase 
of a hot metal sample in contact with nitrogen gas. 
Initial nitriding tests were made using the pressure 
measurement method. The equipment requirements for nitriding 
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included a chamber large enough to nitride enough 1/4 inch 
diameter rod tc provide 10 to 12 tensile specimens of the 
same composition, and uniform temperature to assure uniform 
reaction and composition over the full length of all speci­
mens. A 3-3/4 inch diameter Vycor tube in a resistance wound 
tube furnace was found to meet size and temperature require­
ments, and a Vycor-glass charging system was constructed. 
The system was designed for either vacuum or nitrogen 
atmosphere and was arranged to permit measurement of the 
volume of gases used for chamber atmosphere. Pressure 
measurement was made by means of a mercury manometer. The 
best vacuum ever attained with the system was 50 microns, and 
the leak rate into the chamber was just sufficient to oxidize 
niobium before significant nitriding occurred. 
Rather than abandon the system, it was converted to use 
with the weight-gain method for nitriding in nitrogen. 
Equipment . Figure 8 is a schematic diagram of the 
apparatus used in nitriding and a cross-sectional drawing of 
the nitriding chamber. 
The top portion of Figure 8 shows the internal detail of 
the Vycor chamber with samples in the two holders in place in 
the chamber. Niobium shavings and wool were placed in the 
inlet tube and in the chamber proper to act as "getters" for 
oxygen in the chamber. Since the nitrogen pressure in the 
chamber was greater than atmospheric, it was supposed that 
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l5"-30" 
COMPOUND 
GAGE 
DUO-SEAL 
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Figure 8. Schematic of nitriding apparatus with cross-section detail 
of the chamber 
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virtually no oxygen would leak into the chamber during the 
nitriding run, but that some oxygen would remain in the 
chamber after the flushing operations. The getter material 
was intended to react with most of the residual oxygen during 
the nitriding heating cycle. The niobium shavings in the 
inlet tube were intended to remove possible oxygen 
contamination from the nitrogen gas supplied to the chamber. 
The charging end of the chamber was sealed by an 0-ring 
between an aluminum head and brass collar. The brass collar 
was attached to the Vycor chamber tube with epoxy adhesive 
and was water cooled to protect the epoxy and O-ring from 
over-heating. A stainless steel needle valve to permit 
flushing the chamber was connected to an opening in the 
aluminum head. A thermocouple vacuum gauge was attached 
to the outlet valve during vacuum testing runs. 
The furnace used in the system was a 220 volt split-tube 
resistance-wound furnace controlled by means of a Powerstat 
variable transformer. Manual control was found to be 
adequate for control within +5°C of the nitriding temperatures 
for the duration of most of the nitriding runs. 
Two stainless steel sheets were formed into tubes 3-1/4 
inches in diameter by 10 inches long and wrapped tightly 
around the Vycor chamber tube at the center of the tube 
furnace. The stainless sheets served to maintain uniform 
heat distribution over the section of the chamber in which 
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the samples wore placed for treatment. 
Temperature measurement during nitridin$;; was made by 
means of a chromel-alumel thermocouple j,laced between the 
stainless steel heat distribution sheets. Thermocouple 
potential was measured to the nearest 0.01 mv with a Rubicon 
potentiometer. The external thermocouple was calibrated 
against a thermocouple located at the central axis of the 
chamber during heating cycles performed in the same manner 
as nitriding treatments. The temperatures determined by the 
external thermocouple during nitriding were recorded and 
corrected using the calibration curves. 
The temperature variation in the chamber cross-section 
within the portion covered by the stainless steel sheets was 
found to be less than 2°C. with the chamber tube at nitriding 
temperature and open to the atmosphere, the temperature 
differed by 10°C from one end of the covered portion of the 
chamber to the other. V'ith the tube closed, the variation 
at the same chamber temperature was about 5°c. 
System pressure dur ing nitriding was measured by means 
of a compound gauge calibrated in inches of mercury for vacuum 
and pounds per square inch for positive pressures. The 
compound gauge was located in the inlet line (see Figure 8) 
between the pressure relief valve and the chamber. System 
pressure during runs was measured in psig. 
A thermocouple vacuum gauge was placed in the outlet side 
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of the chamber-heat needle valve during tests on the vacuum 
capabilities of the system. As noted previously, the best 
vacuum obtained in this system was about 50 microns and 
pressures of 100 to 200 microns were more common lower limits. 
Extensive testing of the original glass system revealed that 
leakage sometimes occurred around the stopcocks. When the 
glass was replaced by copper, the vacuum tests were repeated, 
but the source of leakage was net identified. The Vycor 
chamber tube was replaced just prior to final nitriding to 
assure that the chamber would not fail during the final 
treatments. The replacement tube was also vacuum tested with I 
the same result as for the original tube. 
The system vacuum was obtained by means of a mechanical 
vacuum pump. During vacuum testing several pumps or combina­
tions of pumps were used without sufficient improvement in 
system vacuum to warrant a more complex arrangement than 
shown in Figure 8. The vacuum system was used for flushing 
the system of air prior to the weight-gain nitriding tests 
and final treatments. 
Nitrogen for the reaction was supplied from a "dry" 
nitrogen cylinder with a standard regulator for supply of 
nitrogen at practically constant pressure. The inherent 
system leakage obviated attempts (other than the getters 
mentioned above) to remove any oxygen impurity from the 
nitrogen. The cold trap shown as part of the nitrogen 
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supply line in Figure 8 was intended to remove any moisture 
present in the "dry" nitrogen. Nitriding tests with the trap 
deWar filled with ice, dry ice or liquid nitrogen gave the 
same final results; therefore, ice was used during final 
nitriding as a precaution. The use of liquid nitrogen in the 
deV/ar caused violent pressure surges in the gas supply. The 
surges were reduced by the relief valve, but were still 
violent enough to scatter some niobium shavings out of the 
inlet tube into the chamber. 
Preliminary nitriding Both niobium and tantalum were 
subjected to nitriding treatments at 900°C and 950°C in order 
to establish rates of weight gain with temperature so that 
some estimate could be made of the treatments required to 
obtain desired compositions. The weight changes, system 
pressures and thermal treatments for the preliminary tests 
are presented in the 'appendix. The results of the preliminary 
tests were plotted along with final nitriding results as 
weight gain per unit area versus time at temperature in 
Figure 9» 
Log-log scales were used in Figure 9 in order to 
illustrate the fit of the data to the curves representing 
I 
the calculated rate equations and to encompass the full range 
of nitriding times used in final nitriding tests. The figure 
shows that the weight gain per unit area for tantalum was 
greater than for niobium after the same times at temperature, 
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Figure 9* Weight gain per unit area with nitriding time 
at 950°C ifor preliminary and final nitriding 
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but the composition change in ppm was twice as great for 
niobium as for tantalum. The points representing 14 minutes 
ai temperature do not agree well with the longer time results 
at least partly because determination of the starting time 
while heating was imprecise. 
Since a reasonable vacuum could not be maintained in the 
system, it was necessary to fill the chamber with nitrogen 
prior to heating. T-Titrogen was certainly reacting with the 
metals at some rate at all temperatures above 800°C (6C, 72) 
| and possibly at temperatures as low as 400°C. The weight gain 
value for "14 minute hold" therefore represents sone sort of 
cumulative weight gain for a wide range of reaction rates and 
times. In order to minimize variations in weight gain during 
the heating period, the furnace power was seL at the same 
voltage for each of the final nitriding treatments. The 
original setting was maintained for each run until the chamber 
temperature was above 935°C and then adjusted to hold the 
temperature steady at 950°C. Even after subtracting the 
weight gain for l4 minutes hold from each of the longer time 
results, the weight gain with time plot was not linear. 
Sulsequent chemical analyses of the preliminary nitriding 
samples revealed that both oxygen and nitrogen contributed 
to the weight gain and at different rates. 
Table 10 summarizes the weight-gain results for both 
preliminary and final nitriding treatments at 950°C and the 
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Table 10. Summary of results of preliminary and final 
nitriding of niobium and tantalum at 950°C 
Nitriding • Composition - ppm 
Material Time Weight gain Carbon Nitrogen Oxygen 
min. ppm C N 0 
Preliminary niobium treatments 
Cb 14 0 — 65 51 56 
Cb 8 128 166 65 84 138 
Cb 9 68 112 65 148 112 
Cb 10 44 96 65 97 145 
Cb 12 94 i 65 113 87 
Final niobium treatments 
Cb 15 0 — 34 68 107 
Cb 18 29 79 34 127 130 
Cb 19 29 81 34 105 94 
Cb 20 29 74 
Cb 21 29 79 
Cb 22 161 155 
Cb 23 161 157 
Cb 24 161 151 34 178 93 
Cb 25 161 155 
Cb 27 680 273 34 245 153 
Cb 28 680 274 
Cb 29 680 279 
Cb 30 680 274 
Preliminary tantalum treatments 
Ta 11 0 — 58 8 46 
Ta 6 128 106 58 59 55 
Ta 7 68 60 58 44 44 
Ta 8 44 43 58 24 55 
Final tantalum treatments 
Ta 10 0 109 8 29 
Ta 15 46 61 109 25 30 
Ta 16 46 63 30 34 
Ta 17 46 60 29 33 
Ta 19 58 50 100 170 
Ta 20 58 48 22 35 
Ta 22 58 51 22 28 
I 
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resultant compositions of some of the materials after 
annealing. Comparison of weight changes in preliminary 
nitriding and annealing with the reported analyses revealed 
that if all weight change in annealing were attributed to 
oxygen, the remaining increase in nitrogen and oxygen over 
the starting composition was approximately equal to the 
weight gain in nitriding. The assumption of only oxygen 
change during annealing appeared to be more nearly correct 
for niobium than tantalum. 
The analytically determined increases in nitrogen and 
the calculated increases in oxygen during preliminary 
nitriding were fitted by least squares methods to an 
expression of the form 
where Am was the change in weight of the nitrogen or oxygen 
per unit area; t was the time of hold in the temperature 
range 935<t<96CPC; and A and b were constants to be 
determined by the analysis. The resulting equations 
describing weight gain during preliminary nitriding were: 
for nitrogen in niobium 
Am = A t"*3 (14) 
log AN = 0.7579 log t - 1.7153; (15) 
for oxygen in niobium 
log AO = 0.2510 log t - 0.7652; (16) 
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for nitrogen in tantalum 
log AN = 1.1098 log t - 3.1542; and (17) 
for oxygen in tantalum 
log AO = 0.8369 log t - 2.3365. (18) 
These equations were then used to predict nitriding times for 
specific compositions. 
Based on the behavior of the system and results obtained 
during preliminary nitriding, the following procedure was 
established as, the standard procedure for final nitriding 
with the equipment described above and in Figure 8. 
1. The specimen rods (6-5/8 inches long and 1/4 inch 
in diameter), holders and the Vycor chamber were washed, 
degreased and dried. 
2. The specimens were placed in Vycor holders and the 
assembly was placed in the Vycor chamber tube at the center of 
the section covered by the stainless steel sheets. Niobium 
shavings were placed in the inlet tube and at both ends of the 
specimen assembly. 
3. The system was sealed, then evacuated by meaus of the 
mechanical vacuum pump. 
4. While under dynamic vacuum the chamber was dried by 
heating to approximately 100°C for two hours and then 
permitted to cool to room temperature. 
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5. The system was isolated then refilled with dry 
nitrogen to two psig pressure. 
6. The system was flushed by releasing the nitrogen 
through the valve at the end of the Vycor chamber most remote 
from the inlet end. Steady flow through the system was 
maintained by the nitrogen cylinder regulator. 
7= Evacuation and flushing were repeated five times to 
minimize the amount of oxygen remaining in'the chamber. 
8. When the chamber was filled after final flushing, 
the furnace voltage was set at per cent of full scale. 
9. When the desired temperature was attained the power 
was manually adjusted to compensate for variations in room 
conditions arçd line voltage during the holding period. 
10. Cooling after the prescribed holding time was 
accomplished by turning the furnace power to zero and 
permitting the system to furnace cool. The cooling rate was 
about 10°C per minute at 900°C and 1°C per minute at 300°C. 
11. The chamber was opened after the temperature 
dropped below 50°C, and the samples were transferred to a 
desiccator for cooling before final weighing. 
Hit riding: niobium The equivalent values for the 
starting niobium and tantalum were calculated using Equation 
13 and the values in Table 7. The niobium was found to be of 
higher equivalent purity than the tf.ntalum, and calculations 
determined that the addition of 50 ppm nitrogen would increase 
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the equivalent niobium composition to that of tantalum. 
Equation 15 was used to calculate the nitriding time to 
increase the niobium content by 50 ppm, the minimum for 
equivalence ; 100 ppm, twice the amount necessary for 
equivalence ; and 250 ppm, solubility limit for nitrogen 
in niobium. 
Final nitriding was performed in accordance with the 
above standard procedure. The resulting weight gain for each 
treatment was included in Table 10 and plotted as indicated 
on Figure 9• The close agreement between experimental and 
predicted weight increases confirmed that Equations 15 and 16 
closely described the nitriding of niobium in this system at 
950°C. The agreement also indicated some validity for the 
assumption that all annealing weight changes were caused by 
oxygen. 
Nitriding tantalum The equivalent purity of the 
nitrided niobium was calculated from the weight gain results 
shown in Table 10, and the necessary increases in nitrogen and 
oxyien for equivalent tantalum were calculated. 
I 
The times for nitriding tantalum for equivalence with the 
previously nitrided niobium were calculated from Equations 17 
and 18 by successive approximations. Final tantalum nitriding 
was performed in accordance with the procedure described 
above, and the results in terms of weight gain and composi­
tions are shown in Table 10. The first nitriding set (Ta 15, 
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16, 17) was intended to correspond with the intermediate 
niobium composition but resulted in weight Rain radically 
higher than calculated from preliminary tests. The calcula­
tion was repeated and the second set (Ta 19, 20, 22) was also 
nitrided so as to correspond with the intermediate niobium 
I 
alloys. The resultant weight gains froir the second nitriding 
were consistent with predictions but slightly low. 
The consistent behavior of one tantalum nitriding treat­
ment indicated that the calculation techniques were valid for 
I 
at least that nitriding time, but the extremely high weight 
gain of the short-time nitriding treatment indicated that 
either the calculations were invalid or, more likely, the 
system failed at some point in the treatment. 
Subsequent final annealing of nitrided tantalum was also 
plagued by inconsistent weight change so that final composi­
tions of the tantalum specimens could not be calculated with 
confidence. In order to group the tantalum specimens into 
two groups for testing under conditions equivalent to those 
used for the two higher nitrogen niobium compositions, 
microhardness tests were made at each end of each tantalum 
tensile specimen. An average microhardness difference of 10 
points DPH was found between the specimens nitrided in the 
two treatments discussed above with the first set the harder„ 
After tensile testing, one end of each tensile specimen 
of niobium and tantalum was submitted for analysis for 
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nitrogen, oxygen ami carbon. The results of the analyses are 
discussed in the final chapter of this report, where evalua­
tion of equivalence is discussed. 
Annealing 
All the niobium and tantalum materials were annealed as 
a last operation prior to machine into tensile specimens. 
Since the as-received material was in the cold-worked state, 
annealing was necessary for recrystallization and grain growth 
in those samples which received no nitriding treatment. 
Nitrided samples were annealed in order to homogenize the 
alloys and to induce grain growth to the same extent as 
1 
induced by annealing of unnitrided samples. 
Preliminary annealing treatments were performed to 
determine the response of the starting and nitrided materials 
to various annealing temperatures and times. 
Based on preliminary results, the temperatures selected 
for final annealing treatments of niobium and tantalum were 
higher than those employed during annealing tests in order to 
assure large grain size and to minimize grain size gradients 
in the reduced sections of final tensile specimens. Final 
niobium annealing was at 1700°C for four hours. Final 
tantalum annealing was at 2090°C for four hours. 
This section presents details of preliminary and final 
annealing procedures and equipment. The grain sizes and 
compositions resulting from annealing treatments are also 
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described and discussed. 
Equipment 
The equipment used in annealing treatments was selected 
to provide high temperatures for long periods of time with 
minimum contamination of the samples. The possibility of 
annealing more than one tonsile specimen under exactly the 
same conditions also influenced the equipment selection. 
A self-resistance heatinr arrangement in a chamber 
capable of better than 10"^ mm 11% vacuum was available and 
appeared to satisfy the requirements listed above. Figure 10 
illustrates schematically the vacuum system and the power 
supply system for the annealing apparatus. The power supply 
was found to be quite stable so that once the desired 
temperature was attained, further adjustment was unnecessary 
for periods of up to four hours of annealing at temperatures 
from 1300°C to 2100°C. During the holding period of thé 
treatments, the input amperage at constant setting was found 
to vary as necessary to maintain essentially constant tempera­
tures. That self-compensating behavior was very efficient so 
long as the electrode contact surfaces were clean but became 
erratic when samples were clamped to dirty surfaces. 
During annealing runs, pressure was maintained 
continuously below 5 x 10mm Kg except for occasional 
pressure surges accompanying increases in specimen temperature. 
The pressure surges never exceeded 10 x 10"^ mm Eg and lasted 
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for periods not over one to two minutes. Pressure was 
measured during annealing by means of an ion ^auge located 
in the chamber wall at the same height as the annealing 
sample and about six inches from the sample. The gauge was 
routinely calibrated before and after each heating and 
cooling cycle and occasionally during the hold period. 
Location of the annealing chamber directly over the high 
capacity vacuum diffusion pump permitted rapid evacuation of 
the chamber and aided maintenance of low pressures during 
annealing. The chamber pressure could be reduced from 
atmospheric to 10~5 mm Kg in 20 minutes. A steam supply was 
arranged for convenient conversion of the chamber cooling 
coils to heating coils. The chamber walls were steam 
heated before opening the chamber, while the chamber was 
open for sample installation, and during initial evacuation 
in order to minimize moisture condensation in the system and 
to speed outgassing during evacuation. 
Figure 11 is a cut-away view of the annealing chamber 
showing the large diameter coils of 1/4 inch copper tubing 
which permitted adjustment of the electrode clamps to 
accommodate variations in specimen lengths. The electrodes 
were also individually reversible so that specimen lengths 
from 2-1/8 inches to 6-5/8 inches were conveniently mounted 
under slight tension to prevent buckling during heating. The 
small electrode coils shown in Figure 11 connected the two 
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flat copper electrode plates and provided water cooling and 
adjustment of clamp spacing. 
The figure shows the sight glass through which tempera­
ture measurements were made by means of an optical pyrometer. 
The sight glass to specimen distance was about 6 inches. The 
illustration also shows that the electrodes and power supply 
cables were cooled by separate water supply systems to permit 
interchangeability of power supply parts if necessary. The 
ion gauge part is not visible in Figure 11 but was located in 
the chamber wall away from the viewer. 
Two disadvantages of this system should be noted. First, 
the existence of a thermal gradient during annealing resulted 
in grain size variation in the final product. This disadvan­
tage was less harmful than first supposed, since it insured 
that the ends of the specimen, away from the center of the 
tensile reduced section, had smaller grain size than the 
reduced section and were, therefore, stronger. The second 
disadvantage was the undetermined effect of the thermal 
gradient and electrical current on the distribution of the 
interstitial elements in solution in the metals. The 
nitriding products were deposited largely as a surface layer 
with only limited diffusion into the interior of the specimens 
during nitriding. In order to minimize loss cf the nitriding 
products during heating and to maintain low pressures during 
heating, the annealing temperature was increased in steps so 
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that temperature was reached in an hour and a half after 
start-up. The final 4- or 5 increments were steps of perhaps 
100°C with holding times of 10 to 15 minutes at each step. 
Since calculation of the effects of heating rate, thermal 
gradient and electrical current on interstitials are .presently 
impossible, each specimen was submitted for analysis after 
tensile testing. Uniformity in the amounts of the weight 
losses or gains during annealing at various temperatures 
indicated that at least consistent if not precisely predict­
able compositions were obtained. 
Preliminary annealing 
Preliminary annealing was carried out on rods 6-5/8 
inches long by 1/4 inch in diameter. It was expected that 
specimens of that size would provide three tensile specimens 
from each annealing run. Figures 12, 13, l4 and 15 illustrate 
the abortion of that expectation. Figures 12 and 14 show the 
microstructures of the entire cross-sections of 1/8 inch 
diameter samples taken from preliminary annealed rods at the 
locations indicated. The figures show that the ends of the 
rod differed very little in grain size from the starting 
material, and that the center of the annealed rod consisted 
of very few grains. Locations 1-2, 4-5 and 7-8 represent the 
reduced sections which would have been obtained by machining 
the annealed rods into three equal tensile specimens. 
Locations A-B and C-D represent locations of reduced sections 
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of tensile specimens, had two specimens been taken from the 
center of the annealed rod. 
From these photographs and the ac corn p any in.?: graphs, 
Figures 13 and 15, of grain sise versus location, it was 
clear the uniform average grain size could be obtained from 
annealed niobium rods only for a single tensile specimen 
machined from the center of the annealed rod. The figures 
also showed that for tantalum, two tensile specimens with 
approximately uniform average grain size over the length of 
the reduced section could have been taken from the center of 
the rod. However, the supply of tantalum was insufficient to 
afford wasting 1/3 of the material. 
Figures 12 and 14 show that grain size at any individual 
cross-section is far from uniform, but attainment of uniform 
grain size requires strain-annealing techniques which require 
repeated operations. Jach operation affects the sample 
composition. Approximate control of composition was preferred 
to complete uniformity of grain size. The conditions for and 
results of preliminary annealing tests on niobium and tantalum 
are summarized in the Appendix. 
Ho consistent relationship between weight change and 
temperature, time, pressure or input amperage was observed 
for preliminary annealing treatments. Analysis of the 
annealed materials revealed that all weight change in niobium 
could be accounted for as oxygen content change within the 
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precision of weight change determinations and vacuum fusion 
analyses. The analytical results for tantalum were not as 
consistent, and it appeared that more than just oxygen was 
involved in weight change ; but no consistent variation in 
other conditions was found to augment the oxygen variations. 
The temperatures reported for annealing treatments were 
corrected from optical pyrometer observations by accounting 
for the emissivity of specimen surfaces and for the sight 
glass absorption. The pressures reported were those indicated 
by the ion gauge system. Weight change was determined by 
weighing the annealing specimens to the nearest 0.0001 gram 
before and after annealing, taking appropriate precautions 
to keep the rods clean and dry. 
The following procedure, based on observations during 
preliminary annealing, was established for final annealing 
treatments. 
1. The specimens were cleaned in trichloroethylene, 
acetone and distilled water then dried and weighed to the 
nearest 0.0001 gram. 
2. Niobium or tantalum wires were attached to the ends 
of the specimens and the wires clamped between the water-
cooled copper electrode plates so that only the wires were 
in contact with the copper. The electrodes were adjusted to 
exert a slight tension on the specimen to prevent buckling 
during heating. 
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3. The furnace chamber was sealed and evacuated by 
means of the oil diffusion pumping system shown in Figure 10. 
4. The chamber wall was steam heated for 30 minutes. 
5. When the chamber pressure was less than 10 ^  mm Eg, 
cooling water for the electrodes, chamber head, chamber walls, 
power transformer and power leads was turned on. 
6. The specimen heating was begun after the chamber 
pressure was less than 3 x 10"^ nun Hg. The heating current 
was increased by steps, with lcj minutes hold between each 
increase to permit thermal equilibrium and to maintain low 
pressure. 
7. Holding for periods up to 4 hours with temperature 
variation of + 10°C was accomplished without adjustment of 
the power supply after temperature was reached. 
8. The specimens were cooled by stepwise decreases in 
current with 10 minute hold periods to permit the system to 
equilibrate. 
9. Ten minutes after the current was decreased to zero, 
the chamber was isolated, cooling water shut off, chamber wall 
steam heated, and the chamber opened. The specimens were 
weighed immediately after removal from the clamps and bands, 
then recleaned and dried for check weighing later. 
Final annealing 
The temperatures selected for final annealing of niobium 
and tantalum were higher than those used during preliminary 
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annealing tests in order to minimize grain size variations. 
The specimens used for final annealing were of individual 
* tensile test size, that is 2-1/8 inches long by 1/4 inch in 
diameter. The use of short specimens and higher temperatures 
appeared to achieve the desired large grain size within the 
reduced section of both niobium and tantalum specimens, but 
resultant grain size was not uniform in the final annealed 
specimens. The temperature, time and pressure conditions for 
each final specimen, and the weight gain or loss incurred 
during annealing are presented in detail in the Appendix. 
The only significant difference observed between preliminary 
and final annealing behavior was that tantalum weight losses 
were much higher during final annealing. 
Vacuum fusion analysis of final annealed tantalum 
samples revealed that increases in oxygen, and perhaps 
nitrogen, composition accompanied the overall weight losses 
I 
in the specimens. Perkins1 (85) report on outgassing and 
annealing tantalum shows that temperatures near 2200°C and 
pressures less than 10" ^ mm Hg were required to remove oxygen 
and nitrogen. The reported results were based on weight 
change and microhardness determinations rather than analyses 
after "degassing". Hamilton and Wilhelm (50) attributed 
weight loss from tantalum at 2250°C to TaO vaporization. 
Small amounts of TaO vaporization would result in weight 
losses which could easily mask the weight increases associated 
I 
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with significant oxygen absorption. 
Specimen Preparation 
Once the compositions of niobium and tantalum were 
adjusted by nitriding and annealing, the final steps in this 
study consisted of tensile testing and analysis of results 
of tensile testing. In order to minimize effects of testing 
peculiarities on the specimens during tensile testing, 
specimen preparation was uniform and careful. 
Figure 16 shows the dimensions chosen for the tensile 
test specimens to be used in this investigation and a 
photograph of a finished sample ready for testing. The 
configuration is a miniature of specimen configuration 
recommended for testing of brittle materials. The config­
uration is advantageous for testing brittle materials because 
threads introduce stress concentrations which may cause 
failure in the threaded ends rather than in the reduced 
section of the tensile specimen. Specimens of this, 
configuration are clamped by split couplings around the 
3/16 inch barrels against the butt ends. The fillet radii 
between the barrels and the reduced section are large in 
order to minimize stress concentration in that region. A 
further advantage of this configuration is the relative 
ease of machining as compared to threaded-end specimens, 
since niobium and tantalum are difficult materials to 
machine. 
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Figure 16. Tensile specimen configuration and photograph of 
finished specimen with photo-grid 
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Machining 
The specimens were machined on a Hardinge lathe to 
assure that dimensional tolerances and straightness were 
maintained. Contrary to recommendations (76) carbide tools 
were used for machining, because they were found to maintain 
sharpness for a much longer period of time. High speed 
steels recommended for cutting tantalum and niobium required 
resharpening after each tensile specimen and showed no 
compensating advantages when used under the same conditions 
as the carbide tools. Lubrication and machine set-up were 
much the same as for machining other gummy materials such as 
stainless steel. 
The principal difficulties encountered in machining 
these materials occurred during cutting of the barrel-to-
reduced-section radius. The radius cut involved the full 
thickness of the material between the reduced section and 
barrel and applied a bending stress to the thin, weak 
reduced section. About one sample in five was damaged 
during machining. 
Polishing 
Each of the machined specimens was polished using 600 
grit silicon carbide abrasive in a direction perpendicular 
to the machining marks in the reduced section of the specimen. 
After all machining marks were removed, the reduced section 
was polished with Linde A abrasive on Microcloth using a 
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stirring motor to rotate the specimen during polishing. The 
Linde A polishing was followed by etching. After etching, 
Linde A polishing was repeated and followed by Linde B 
polishing. After re-etching, the specimen was given a final 
buffing with Linde B on Microcloth. 
This polishing procedure was designed to produce a strain 
free surface of high enough polish to permit observation of 
slip bands after tensile testing., No tests were conducted to 
determine the effect on polishing on tensile strength, but 
examination of specimens after testing indicated that the 
technique was adequate to permit delineation of both fine 
and coarse slip. 
Etching 
The etchant used to delineate grain boundaries and to 
remove strained material from the polished specimens consisted 
of 5 parts sulfuric acid, 2 parts hydrofluoric acid, 2 parts 
nitric acid and either 9 parts water for niobium etching or 
b parts water for tantalum etching. Initial etching 
consisted of immersion for 3 minutes while stirring the 
solution. A one minute immersion was used for final etching. 
Longer etching times or immersion without stirring resulted 
in severe pitting of the surfaces. 
Several recommended solutions (18, 66, 69, 106) were 
evaluated for electrolytic polishing and etching in place of 
the mechanical-chemical system employed. All systems 
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evaluated were found to be excellent for producing adherent 
oxide layers on either niobium or tantalum. In some 
unreproducible cases, excellent electropolishing results 
were obtained; however, reproducibility was of utmost 
importance in this testing program. 
Photo-grid 
As will be discussed in later sections, the orientation 
of individual grains can readily "be determined by means of 
Lane back-reflection x-ray techniques. Determination of the 
orientation of slip bands in the same grains is somewhat 
more ambiguous. The most commonly used method for single 
crystal orientation determinations is the two-surface method 
in which the angles of slip traces on two flat surfaces at 
approximately 90 degrees to each other are measured and the 
angle between the surfaces defined by the slip traces and 
the deformation axis is calculated. Cylindrical tensile 
specimens, however, do not normally have two flat surfaces 
at 90 degrees apart on which traces can be measured. A 
coordinate system was, therefore, attached to each specimen 
prior to tensile testing. The coordinate system was attached 
by means of photo-grid technique (23, 79)° 
The photo-grid on the reduced sections of a tensile 
specimen shown in Figure 16 consisted of dark lines spaced 
1/100 of an inch apart in a square grid pattern. From the 
intersections of slip traces with the grid lines on an 
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Individual grain in the specimen, the equation describing the 
plane in cylindrical coordinates was determined. The equation 
of the plane in the cylindrical coordinate system was then 
| transformed into orthogonal coordinates, and the direction 
cosines of the normal to the plane (which are in the same 
ratio as the coefficients of the orthogonal terms) were 
related to the coordinate system used in interpretation of 
the Laue x-ray photograph. In this way, the slip planes were 
plotted (as represented by their normals) on the diagrams 
representing the crystallographic orientations of the grains. 
I 
The photo-grids consisted of a mixture of polyvinyl 
alcohol in water with potassium dichromate and Nigrosine dye. 
The mixture is soluble in water even after drying, but after 
exposure to bright light for a given period of time, the 
mixture is no longer water soluble. The application of 
photo-grid is accomplished by applying a thin layer of the 
mixture to a surface, permitting the layer to dry, then 
covering the dry emulsion with a negative of the pattern 
desired. When the specimen is exposed to bright light for a 
given period1of time, the unexposed portion of the emulsion 
may be washed off with warm water, leaving behind the exposed 
pattern. 
Application of a grid of lines spaced at 1/100 of an 
inch to 1/8 inch diameter cylinders 3A inch long is an 
artistic operation. The procedure found to be most effective 
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at accomplishing a desirable artistic result is as follows: 
1. The photosensitive emulsion consisted of 35 grams 
of water-soluble polyvinyl alcohol,. 1.75 grams of potassium 
dichromate, 15 grams of 0.6 per cent aqueous Nigrosine (black) 
dye and 1.5 grams of glycerine mixed into 330 ml of water to 
obtain a uniform black mixture. The mixture was filtered 
through cloth to remove lumps. 
2. The tensile test specimen surface was cleaned to 
I 
i 
remove dirt and grease. Surface roughness was not a 
significant factor in grid preparation, though it was a 
factor for other reasons. 
3. The photosensitive emulsion was flowed over the 
surface to obtain uniform coverage and to eliminate all 
"bubbles from the area of interest. The coated sample was 
then rotated to speed up drying and to form a uniform film 
thickness. The drying process may be speeded further by 
blowing hot air over the rotating sample after the film flow 
has stopped. The desired film thickness of approximately 
0.0005 inch was obtained by varying either the emulsion 
viscosity (higher viscosity gives a thicker film) or the 
speed of rotation (higher speed gives a thinner film) during 
drying. 
4= After the photosensitive film was thoroughly dry, 
a negative of the desired pattern was placed on the specimen 
in contact with the film. Transparent cellophane tape is 
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useful for attachment of negatives and has no detectable 
effect on the resultant image. The film was sensitized 
through the negative by light from a flood lamp at a suitable 
distance for a suitable time. For 100 lines-to-the-inch 
negative grids on 1/8 inch diameter tensile specimens, the 
exposure time was 15 minutes with a new No. 2 flood lamp in 
a 10 inch diameter reflector at 18 inches from the sample. 
The photosensitive emulsion may be stored for weeks in a 
dark area without loss of sensitivity, but the emulsion 
viscosity increases noticeably during such storage periods. 
5. The grid pattern was developed from the exposed 
photosensitive film by washing off the unexposed film with 
warm water. The exposed film was not soluble in water. The 
sample was washed under a warm water spray until first, the 
grid image appeared, then the film peeled off. The washed 
specimen was rinsed with acetone and held in a vertical 
position to dry. 
When thoroughly dry the grid pattern was strong enough 
to withstand moderate handling but was distorted by rough 
handling, scratching, etc. 
Figure 17 illustrates the variation in photo-grid which 
may be obtained by variations in exposure time and intensity. 
The white grid pattern in the upper right corner of the top 
photo was due to severe over-exposure of the film. Under­
exposure produced a pattern with insufficient contrast. In 
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cases where the film layer was too thick, the grid peeled off 
leaving a white grid pattern with the same appearance as the 
over-exposed grid in Figure 17. When the emulsion was too 
thin, the resultant grid was too faint for consistent measure­
ments. The other difficulty often encountered in photo-
gridding was the presence of bubbles either in the emulsion 
or under the tape holding the negative on the sample. In 
either case, the result was a shadow on the resulting image. 
Th^ bubbles in the emulsion were far more serious than the 
bubbles in the tape. 
The photo-grid was tested in use over the temperature 
range from liquid nitrogen to room temperature. However, 
additional studies were made at elevated temperatures up to 
500°C. When subjected to elevated temperatures, the photo-
grid eventually evaporated leaving the dye residue. The grid 
image was actually improved by heating at 200°C, because the 
residual emulsion between the grid lines evaporated leaving 
the clean metal surface exposed without noticeably reducing 
grid line intensity. The photo-grid was clearly visible and 
useable for periods up to 1/2 hour in air at 450°C. 
The photo-grid remained intact on all specimens tested 
as low as -196°C. At the lowest temperatures and at strain 
rates up to 10 in/in/sec, the photo-grid remained intact on 
individual grains which strained up to 70 per cent. In the 
regions of necking, the photo-grid often became indistinct due 
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to spreading of individual lines over large areas of the 
deformed grains. In one instance, the line appeared to have 
spread approximately 1/100 of an inch over a region where 
slip bands had considerably roughened the surface. 
Two difficulties were encountered in using the photo-grid 
for slip band orientation determinations. First, some areas 
were not properly printed due to local failures in the 
artistic process. In this case, a positive of a grid printed 
on photographic film was wrapped around the sample, and slip 
orientations were determined from points read as intersections 
of slip bands with the film grid. The second difficulty 
encountered was deformation of individual grains into non-
cylindrical forms. Even though the grid remained on these 
grains, the non-cylindrical shape of the surface invalidated 
the use of cylindrical coordinates to determine slip band 
orientations. In some cases of this type, a tube of film 
of positive grid was placed over the distorted grain and 
estimations made of the intersection of projected slip 
lines with the overlying grid. 
In summary, the photo-grid technique was useful both 
as a coordinate system for determination of surface marking 
orientation and for measurement of local strain. In strain 
measurement, the photo-grid method should prove useful for 
determination of the local strain in necking or other 
inhomogeneous plastic deformation, even in fine grained 
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specimens. The technique appears to have some applicability 
over a rather large range of temperature. 
Tensile Testing 
Tension testing was selected for the deformation method 
in this investigation to assure Initial uniformity of stress 
and to facilitate specimen preparation. Both niobium and 
tantalum were to be tested under equivalent conditions such 
that niobium was ductile in some tests and brittle in others. 
The ductile-to-brittle transition was found between -155 
and -196°C for the three classes of niobium described in 
Table 11. Equivalent testing temperatures for the equivalent 
tantalum alloys were found to be the same as the niobium 
testing temperatures. 
This section discusses the apparatus used for tensile 
testing and presents the resultant test data. The informa­
tion concerning deformation behaviors and discussion of 
testing equivalence will be covered in the next chapter. 
Equipment 
The initial requirements for the testing apparatus were 
that it be capable of attaining and maintaining any tempera­
ture between liquid nitrogen and room temperature, permit 
observation of the specimen during deformation, and provide 
for relatively easy change of tensile specimens of the 
previously described configurations. Subsequent testing 
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Table 11. Classification of niobium and tantalum alloys for 
tensile testing 
Nitriding Tensile Composition Equivalent 
identifi- specimen ppm energy 
Material cation number N 0 factor 
Niobium 
Tantalum 
Class I 
18A 30 
18B 32 
19B 34 
19C 35 
2 OA 36 
20B 37 
20C 38 
I8B 43 
18c 44 
21A 45 
2 IB 46 
21C 47 
Niobium Cb 24- 34 1,0 
98 140 3.5 
104 150 3.7 
107 100 3.3 
100 9b 3.1 
264 183 7.4 
80 42 2.2 
Tantalum Ta l 5 75 4.2 
10 32 3.8 
18 57 4.1 
14 42 4.6 
17 88 6.4 
Class II 
22k 50 165 126 4.8 
22B 51 154 148 4.8 
22C 52 166 140 4.9 
23A 53 145 140 4.5 
23B 54 167 128 3.9 
23C 55 180 111 5.0 
19B 93 100 170 14.1 
20A 85 21 43 4.8 
20B 86 20 31 4.2 
20C 87 26 31 4.6 
22B 89 22 28 4=2 
Class III 
Niobium Cb 27A 70 190 92 5.0 
27B 71 254 112 6.6 
28A 73 2.3 132 5.9 
28B 74 224 106 5.9 
28C 75 258 104 6.6 
29A 76 216 83 5.5 
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Table 11. (Continued) 
Nitriding Tensile Composition Equivalent 
identifi­ specimen DDm energy 
Material cation number N 0 factor 
Class III 
Tantalum Ta 15B • 63 25 30 4.6 
16B 66 35 34 5.4 
16C 67 26 34 4.9 
17B 69 31 32 5.1 
17C 170 27 34 4.9 
and evaluation showed that the first and last of these 
requirements were met by an apparatus described by Anders, 
et al. (3) in which the cooling system is operated by 
conduction. Figure 18 is a schematic diagram of the 
temperature control system used. Figure 19 shows the chamber 
in detail. 
The cooling system consists of two copper cans to which 
the ends of the sample are connected and which are maintained 
full of liquid nitrogen throughout the testing period. These 
copper cans do not support the load but are merely attached 
to a stainless steel pull rod. The extension sleeves of the 
copper cans are connected to the samples by beryllium copper 
split couplings held in place by beryllium copper taper lock 
rings. This system provides very high cooling rates by 
conduction through the beryllium copper and copper sleeve 
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to the cold sinks at each end while providing adequate 
strength with the beryllium copper-stainless steel load 
transmission system. With insulation in place, the elapsed 
time between start of nitrogen flow to the cans and attain­
ment of temperatures of approximately -196°C at the sample 
shoulders was about 10 minutes under good conditions. 
Specimen temperatures above -196°C (77°K) were obtained by 
altering the conduction rate provided by the cold sinks. The 
conduction rate was reduced by means of heaters wrapped 
around the beryllium copper taper lock rings. 
Despite careful control during fabrication, the lock ring 
heaters on each end were not quite identical, and different 
current was required in each to maintain equal temperatures 
at both ends of the specimen. Once equilibrium was achieved, 
temperatures measured at the specimen shoulders could be 
maintained to + 1°C for periods limited only by the nitrogen 
supply to the cold sinks. For the short periods of testing 
used here, manual control of the nitrogen flow and heater 
currents was found to be adequate. 
Chamber insulation consisted of a styrofoam tube with 
one inch thick walls. The cold sink copper cans were also 
covered with about one-half inch styrofoam, and the outer 
insulating tube was constructed to fit around the can 
insulation so that the tube could be raised or lowered 
without interferring with the load application or temperature 
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control equipment. The actual chamber dimensions were 
approximately 4 inches by 4 inches by 5 inches long, with 
the specimen mounted approximately in the center of that 
space. In order to minimize temperature gradients within 
the chamber, both copper cans were vented into the chamber 
along the side walls so that any nitrogen overflow from the 
cans flowed into the chamber but not onto the specimen. For 
immersion tests in nitrogen, one of the overflow lines was 
connected to a polyethylene cup punched so as to fit snugly 
around the tensile specimen shoulder. 
I 
Temperatures of the specimens were recorded by means of 
chromel-alumel thermocouples clamped so as to contact the 
shoulders of the specimens, at the split ring couplings. 
Preliminary tests of the equipment indicated that the 
temperature of the center of the specimen was only 1°C to 
2°C higher once the specimen reached the same temperature 
at both ends. In all final testing, therefore, balanced 
temperatures were attained and held prior to actual testing. 
The change in load measured by the tensile machine was found 
to be a sensitive indicator of thermal fluctuations within 
the chamber. 
The stainless steel pull rods around which the copper 
cans were mounted were attached by split steel couplings to 
pull rods mounted on the tensile machine through ball joints. 
The elastic behavior of this system of steel, stainless steel, 
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and beryllium copper in a temperature gradient from that of 
the chamber to room temperature altered the stress-strain 
diagrams so that the elastic moduli of niobium and tantalum 
were not determined at low temperatures. The amount of 
elastic deformation of the system depended not only on the 
load applied, but also on the temperature of each of the 
components and connections. 
The ball joints were found to be satisfactory for 
maintenance of alignment during testing. Alignment was 
checked by means of a steel tensile specimen to which SR-4 
strain gauges were attached on opposite sides. When loaded 
to approximately 60,000 psi, the misalignment was found to 
cause a stress differential across the sample of less than 
one per cent with the insulation, etc., in place. No 
attempts were made to check alignment on low temperatures. 
The tensile machine was a Tinius-Olsen screw driven 
tensile machine equipped with a load-strain/time recorder 
system. Load was measured by a lever torsion bar system. 
Elongation of the specimens was calculated from the cross-
head speed and the travel of the constant speed chart paper 
on which the load was recorded. During some preliminary 
tests, cross-head motion was measured by means of a 
deflectometer which actuated the chart drive of the machine 
recorder, but the additional complications in setting up 
the deflectometer were not found to provide any compensating 
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advantages in strain measurement. Extensometers and bonded 
strain gauges were avoided, because polished specimen 
surfaces were necessary to subsequent analyses. 
The photo-grids attached to the specimens were intended 
to provide strain measurement during testing by sequential 
photographs of the specimens during testing. Preliminary 
tests using the open system revealed that the specimens 
frosted, and photographic strain measurements were impossible. 
Several systems were designed to eliminate frosting during 
testing, but none of the systems was adequate to permit 
photographic strain measurement. It appears that a vacuum 
chamber would be necessary to achieve frost-free testing 
conditions. 
Strain rate was selected by means of an electronic 
system of the tensile machine. Unfortunately the control 
was tenuous, and calibrations to determine actual cross-head 
speed for a given setting of the strain rate control were 
required before each series of tests. Variations of less 
than 5 per cent in strain rate were observed in calibrations 
made immediately before and after a sequence of tests 
conducted over a two-day period with the electronic controls 
on at all times. Strain rates varied by as much as 100 per 
cent when determined immediately after start-up of the 
electronic systems and again several hours later. The 
strain rate was also found to differ for a given control 
135 
setting from one time to the next, even after equal warm-up 
times. 
Preliminary testing 
Series of preliminary tests were run to determine the 
system behavior during actual testing of specimens, to 
establish the amounts of deformation necessary to permit 
observation of slip traces and to establish the probable 
temperatures and strain rates necessary to obtain cleavage 
fracture in niobium. 
Scrap tantalum and niobium were used in system testing 
to determine the temperature gradients to be expected at 
various temperature levels during final testing. During the 
preliminary testing, it was found that temperatures could be 
maintained only if the cold sink cans were vented directly 
to the atmosphere. Back-pressure drastically increased the 
minimum temperature obtainable, and the original plumbing 
system was gradually simplified to eliminate vapor locks, etc. 
During these tests it was also noted that after the cold sink 
cans were once filled, self pressure of the nitrogen supply 
containers was more than adequate to keep the cans full. 
These tests also revealed that the conduction surfaces 
required careful cleaning before each test sequence, since 
the frost which collected during testing deposited dirt on 
conduction surfaces. Icing presented difficulties only when 
the system was permitted to warm up between low temperature 
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tests. 
Cox, et al. (27), and Hull (54), in tests on silicon 
iron alloys, found that strains of 2 to 3 per cent were 
required to produce observable slip traces on electrolytically 
polished surfaces; therefore, highest purity niobium was 
strained at room temperature to various amounts of total 
elongation to determine the amount of deformation necessary 
to produce observable slip traces. Slip traces were observed 
on samples deformed greater than 2 per cent, i.e. beyond 
yield elongation in the material tested. On specimens of 
niobium loaded to fracture, some grains in the fractured 
specimens displayed slip traces but had undergone small 
enough overall deformation that x-ray analysis of grain 
orientation was still practical. Since both slip and 
fracture behavior were observable from each preliminary 
specimen, final testing was carried to fracture. 
In order to determine the effects of strain rate on the 
fracture behavior of the materials available, a series of 
high purity annealed niobium and tantalum specimens was 
tested at selected strain rates while immersed in liquid 
nitrogen. One niobium specimen was consecutively loaded 
from zero load to yielding at strain rates of 10"^, 10"^, 
10=^ and 10"! in/in/sec. The yield stress was found to 
increase slightly with increasing strain rate, but cleavage 
fracture was not obtained. In the final test at 10"^ 
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in/in/sec, the sample necked down immediately after yielding 
and fractured after approximately 70 per cent reduction in 
area. Even at liquid nitrogen temperatures, none of the 
highest purity (annealed starting material) niobium specimens 
showed any evidence of brittle fracture. The tantalum 
specimens all necked to approximately 95 per cent reduction 
in area at fracture at all strain rates. Tensile specimens 
taken from rods used in preliminary nitriding tests exhibited 
partial cleavage fracture at temperatures up to -175°C (98°K) 
at a strain rate of 10"^ in/in/sec. 
The preliminary tests showed that strain rate had little 
effect on the tensile behavior of high purity niobium and that 
increase in nitrogen and oxygen contents due to nitriding 
would induce brittle behavior in a convenient temperature 
range. 
Final testing 
Table 12 summarizes the values of tensile properties 
obtained in testing of niobium and tantalum. The results of 
analyses of deformation behaviors will be covered in the next 
chapter. 
The niobium specimens were tested first, starting with 
the highest purity material (Class I) at the lowest tempera­
ture attainable by the apparatus (77°K). The first specimen 
tested fractured by cleavage. The second specimen was then 
tested at the same temperature but at a slower, more readily 
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Table 12. Summary of niobium and tantalum tensile testing 
results 
Material 
Test 
Specimen temp, 
number °C 
Nominal stress 
1000 pel, 
Lower 
yield 
Max­
imum 
Fracture 
appearance 
Class I 
Niobium 32 -196 111.0 112.0 cleavage 
Tantalum 47 -187 97.1 100.4 shear 
Niobium 35 -184 — — 108.8 cleavage 
Niobium 37 -180 102.8* 102.8 shear 
Niobium 36 
-175 100.0 106.7 shear 
Tantalum 44 
-172 100.0 102.8 shear 
Niobium 34 -155 85.5 88.1 shear 
Tantalum 45 -154 93.2 96.6 shear 
Tantalum 23.5 25.6 27.9 shear 
Niobium 38 23.5 19.9 22.3 shear 
Class II 
Tantalum 85 -175 99.4 107.2 shear 
Niobium 50 -175 107.3 114.2 cleavage 
Tantalum 89 -169 104.6 shear 
Niobium 51 -169 103.0 108.8 mixed 
Niobium 55 -170 97.5 100.8 mixed 
Tantalum 86 
-165 98.2 shear 
Niobium 52 -165 100.1 106.2 mixed 
Niobium 53 -160 97.4 103.0 shear 
Tantalum 83 -121 71.0 74.3 shear 
Tantalum 87 23.5 28.6 30.0 shear 
Niobium 54 27.5 27.9 30.8 shear 
aYield stress taken as 0.2 per cent ; offset. 
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Table 12. (Continued) 
Nominal stress 
Test 1000 psi 
Specimen temp. Lower Max- Fracture 
Material number °C yield imum appearance 
Class III 
Niobium 70 -185 113-2 121.8 cleavage 
Tantalum 63 -180 —  —  114.2 shear 
Niobium 71 -170 110.4 118.7 mixed 
Tantalum 170 -170 — - 101.0 shear 
Niobium 73 -165 106.9 114.0 cleavage 
Tantalum 66 -165 — 103.3 shear 
Niobium 75 -160 98.2 106.1 mixed 
Tantalum 67 -160 — 96.7 shear 
Niobium 74 -155 93-5 101.4 shear 
Tantalum 69 23-5 29.7 31.5 shear 
Niobium 76 26.5 24.0 26.2 shear 
controlled strain rate and at higher strain magnification on 
the recorder. The second specimen also failed completely by 
cleavage, and ability to obtain ductile-to-brittle transitions 
in all classes of niobium was assured. 
Location of the transition temperature (-180 to -185°C) 
for Class I niobium required six specimens and for Class III 
(-160 to -165°C) required four specimens. From these results 
the Class II transition was expected to be around -170°C and 
only three specimens were required to locate the transition 
iko 
at -165 to -170°C. 
The same strain rate (about 5 x lO"^ in/in/sec) was used 
in testing the tantalum specimens. . Equivalent tantalum 
temperatures were estimated by interpolations on Figure 6 
using equivalent composition values calculated from nitriding 
weight gain and preliminary chemical analyses. It was found 
that tantalum specimens tested at the same temperature as 
their equivalent niobium specimens had nearly the same yield 
strengths as the niobium specimens. 
Specimens of niobium and tantalum from each composition 
class were also tested at room temperature to provide a base 
comparison for strength and deformation changes. The room 
temperature tests were continued only to maximum loads than 
unloaded before extensive necking could occur. 
Detailed information on test conditions and load and 
elongation results is presented in the Appendix. 
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EVALUATION OF RESULTS 
With testing completed, the last step in the investiga­
tion consisted of evaluation of the significance of the 
results and comparison of the results in detail. The first 
thing to be considered was how well equivalence was achieved 
in the testing. The evaluation of equivalence leads to 
consideration of the tensile properties including strength, 
ductility and other characteristics of the stress-strain 
diagrams. The external fracture and slip appearances were 
compared, and finally the crystallographic aspects of slip 
and cleavage were compared for niobium and tantalum. 
Equivalence 
The tensile testing was carried out in three parts. The 
materials were divided into three classes, all samples within 
a class having approximately equal composition as calculated 
or estimated from nitriding and annealing weight change 
information. After tensile testing, each individual specimen 
was submitted for chemical analysis to determine the composi­
tion of the material at the location of fracture. The column 
of equivalent energy factors in Table 12 shows that the 
compositions were not uniform within any one class for either 
niobium or tantalum. Therefore, some variation in tensile 
behavior was to be expected within each testing class. The 
arbitrary assignment of materials for Class II and Class III 
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tantalum was correct in order of increasing impurity-
concentration, but the interaction energies for Class III 
tantalum were somewhat lower than those for Class III niobium. 
More distinct correlations were recognized when the 
tensile testing results were arranged according to interaction 
energy factors determined from final analyses of individual 
specimens. Table 13 shows that for equivalent materials 
testing ,at equal temperatures and strain rates resulted in 
virtually the same yield"strengths in both niobium and 
tantalum. 
Tensile Properties 
Two requirements were set for tensile testing: first 
that a ductile-to-brittle transition be produced in niobium, 
and second that equal yield strengths be obtained in equiva­
lent tantalum. Both objectives were met. 
Figures 20, 21 and 22 consist of photographs of the 
fracture surfaces of Class I, Class III and Class II niobium 
* i 
arranged on a plot of per cent reduction in area versus 
testing temperature. The ductile-to-brittle transition in 
Class I niobium was found to lie between 89 and 93°K. Class 
III niobium was then tested, and the ductile-to-brittle 
transition was found to lie between 108 and ll8°K. From 
these two results, it was predicted that the transition 
temperature of Class II niobium would be about 103°K. 
Figure 22 shows that the transition temperature did lie 
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Table 13. Yield strengths and interaction energy factors for 
niobium and tantalum tensile tested at equal 
temperatures 
Temper­ Interaction0 Yield 
ature energy stress Testing Material 
°K factor 1000 psi class 
300 5.5 24 Nb 
(Room T) 5-1 30 Ta 
4.6 29 Ta 
4.2 26 Nb 
3-9 28 ' Ta 
2.2 20 Nb 
118 94 III Nb 
4.1 93 I Ta 
3.7 86 I Nb 
113 6.6 98 III Nb 
4.9 97 II Ta 
4.5 97 II Nb 
108 5.9 107 III Nb 
5.4 103 III Ta 
4.9 100 II Nb 
4.6 98 I Ta 
4.2 98 II Ta 
103 6.6 110 III Nb 
5.0 98 II Nb 
4.9 102 III Ta 
4.8 103 II Nb 
4.2 105 II Ta 
98 4.8 107 II Nb 
4.8 99 II Ta 
3.8 100 I Ta 
3.1 100 I Nb 
93 7.4 111 I Nb 
4.6 111 III Ta 
^Due to inherent precision of the analysis method energy 
factors may vary + 0.3 for Class I niobium, + 0.4 for Class II 
niobium, + 0.6 for Class II niobium and+ 0.2~*for all tantalums. 
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Table 13. (Continued) 
Temper- Interaction Yield 
ature energy stress Testing Material 
°K factor 1000 psi class 
88 6.4 97 I Ta 
5.0 113 III Nb 
3-3 10 5 I Nb 
77 3.5 111 I Nb 
between 98 and 113°K. It should be noted that the most 
brittle material in terms of reduction in area still exhibited 
I 
more than 20 per cent reduction in area, which for many 
materials is not considered brittle behavior. The criterion 
used here was that cleavage fractures were designated as 
brittle, and shear fractures were designated as ductile. 
Several specimens were tested which fractured by some 
combination of shear and cleavage, and their ductility, 
expressed as reduction in area, was found to be intermediate 
between those samples which fractured entirely by cleavage 
and those which fractured entirely by shear. The sharpness 
of the transition from shear to cleavage behavior was 
unexpected, but the range of values of reduction in area for 
specimens exhibiting mixed fracture behavior was not surpris­
ing. A large number of tests would be required to more 
precisely define the ductile-to-brittle transition. 
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Figure 22. Ductile-to-brittle transition in Class II niobium 
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The brittle behavior of the niobium specimens was also 
reflected in the stress-strain diagrams obtained during 
testing. Specimens which failed completely by cleavage showed 
sharply higher maximum strengths and yield strengths than the 
materials which failed by shear. Several Class II niobium 
specimens -failed by mixed shear, and the differences in stress-
strain diagrams were less distinct than for the other two 
classes. 
The stress-strain diagrams for Classes I,'II and III 
niobium and tantalum are presented to the same scale in 
Figures 23, 24 and 25. It was not evident in the Class I 
niobium stress-strain diagrams, but clicking noises associated 
with twinning and a drop in load accompanying twinning were 
observed for every niobium specimen which failed completely 
by cleavage. Specimens which exhibited mixed shear and 
cleavage occasionally made twinning-type noises but were not 
entirely consistent in this respect. Since none of the niobium 
specimens which failed completely by shear exhibited any 
1 
traces of twinning, we must conclude that twinning is associat­
ed in some way with the cleavage fracture of niobium. 
Whereas twinning in niobium was confined to samples in 
which cleavage was observed, twinning was observed in all 
tantalum specimens tested at temperatures below 119°K and 
even the specimen tested at that temperature may have twinned. 
Table Î4- summarizes the twinning stresses and load drops 
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Figure 23. Stress-strain diagrams from tensile tests of 
Class I niobium and tantalum 
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Figure 2b.  Stress-strain diagrams from tensile tests of 
Class II niobium and tantalum 
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Figure 25. Stress-strain diagrams from tensile tests of 
Class III niobium and tantalum 
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Table 14. Twinning behaviors of niobium and tantalum 
Specimen Stresses - 1000 psi 
number Upper Lower Drop OKp< 
30 95.9 93.2 2.7 77 
91.0 89.4 1.6 
32 101.8 93.0 8.8 77 
35 100.2 94.0 6.2 89 
44 
be 
a 
—  —  —  —  101 
98.2 96.0 2.2 109 
b? 100.4 93.4 7.0 86 
50 89.O 88.5 0.5 98 
51 97.9 96.6 1.3 104 
53 58.6 57.4 1.2 113 
63 9^.9 92.2 2.7 93 
98.9 93.0 5.9 
100.9 100.0 0.9 
103.2 101.5 1.7 
105.2 103.6 1.6 
66 94.7 90.3 4.4 108 
94.6 91.7 2.9 
96.0 94.3 1.7 
100.7 99.5 1.2 
101.9 100.8 1.1 
67 86.7 85.0 1.7 113 
87.9 84.1 3.8 
89.4 86.5 1.9 
170 101.8 90.6 11.2 103 
95-7 75.6 0.1 
101.7 100.8 0.9 
70 108.5 104.7 3.8 88 
110.9 108.5 2.4 
114.0 108.5 5.5 
73 a — —  108 
75 a — — 113 
83 70.9 66.1 4-" 8 152 
85 100.8 92.4 8.4 98 
102.7 99.2 3.5 
86 80.1 78.3 1.8 108 
84.6 83.8 0.8 
88.4 86.7 1.7 — " 
90.9 89.9 1.0 
92.9 91.5 1.4 
aClicking noises associated with twinning were heard, but 
no change in the stress--strain diagram was detected. 
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Table 14. (Continued) 
Specimen Stresses - 1000 osi Test temp. 
°K number Upper Lower Drop 
89 90.1 
99.3 
84.3 
87.0 
5.8 
, 12.3 
104 
observed in niobium and tantalum. The Class I tantalum 
specimens exhibited a single twinning load drop and their 
stress-strain diagrams are very similar to the equivalent 
Class I niobium diagrams. The severity and frequency of the 
twinning load drops increased in tantalum with increasing 
impurity concentrations. 
One other characteristic of the stress-strain diagrams 
for niobium and tantalum should be noted. That is, the 
fracture stresses for niobium were considerably higher than 
those for tantalum. Some of the Class I tantalum specimens 
fractured at virtually zero loads. The total elongations for 
the two materials were similar except that tantalum showed 
slightly greater elongation. From the stress-strain diagrams 
and the sounds associated with tensile testing, it appears 
that twinning, in niobium is associated only with cleavage 
behavior; whereas in tantalum, twinning occurs in specimens 
of all compositions. 
• 15b 
*.• 
Deformation Appearances 
Figures 20, 21 and 22 presented the appearances of 
fractured niobium specimens for the three classes of 
material. Figure 26 consists of four photographs at slightly 
larger magnification of the characteristic fracture appearances 
of tantalum and niobium. Part a of Figure 26 shows the severe 
distortion accompanying shear fracture in tantalum. The very 
sharp black spots seen on the end are holes and were 
characteristic of all shear fractures in tantalum. Shear 
fractures in niobium exhibited the same behavior, as can be 
seen in Part b of Figure 26. No specific differences could be 
identified between the tantalum and niobium shear fractures. 
Part c of Figure 26 illustrates mixed shear and cleavage 
fractures. In this instance, the fracture is primarily 
cleavage; but in other specimens, shear was the dominant 
fracture mode. Part d of Figure 26 illustrates complete 
cleavage fracture observed in niobium. The fine white lines 
called "river markings" (108) were observed on each cleavage 
facet. The point from which the river markings radiate is the 
location from which fracture propagated across the grain, and 
that location was observed to be at interior grain boundaries. 
The river markings themselves consist of steps on the cleavage 
face where the cleavage changed atomic planes as the crack 
grew. On some cleavage faces, fine, straight, parallel traces 
were observed crossing the river markings. Since all such 
I 
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Figure 26. Typical fracture surfaces 
a. Shear fracture in tantalum 
b. Shear fracture in niobium 
c. Mixed shear and cleavage fractures in niobium 
d. Pure cleavage fracture in niobium 
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lines on a given cleavage face were parallel and straight, 
they were assumed to be traces of twinning or perhaps slip. 
Some of the niobium specimens which exhibited mixed 
shear and cleavage also fractured along lines parallel to the 
tensile axis. These longitudinal fracture lines were fairly 
straight but not smooth, and appeared to be cleavage fractures. 
Figure 27 illustrates the severe local deformation 
associated with both shear and cleavage fractures. Part a is 
a photograph of a tantalum tensile specimen which necked down 
to a fine point before finally separating. The distortion of 
individual grains can be seen in Part a, and the extreme 
deformation of grains at the fracture surface is emphasized 
by the distortion of the photo-grid on the grain at the center 
at the fracture end. The photo-grid farther away from the 
fracture is virtually the same size as originally applied; 
whereas, the grid spacing at the fracture surface is somewhat 
more than double the original spacing. Note too that the 
the deformation within the individual grains is not uniform. 
Part b of Figure 27 shows a niobium specimen which 
failed primarily by cleavage. The bright area at the top 
consists of cleavage facets. The distortion of the photo-
grid on the grain at the center was characteristic of all 
specimens which failed by cleavage. In this particular case, 
the grain had elongated about 100 per cent at the point on 
the surface at which cleavage occurred. Note that some 
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Figure 27. Examples of localized deformation emphasized by 
distortion of photo-grid 
a. Shear fracture in tantalum T-170 tested at 
103 °K 
b. Distortion in cleaved grain in niobium T-75 
tested at 113°K 
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twisting of the grid has occurred as the individual grains 
twisted and elongated. 
The deformation which led to fracture was extremely 
inhomogeneous as was illustrated by Figure 27» In some cases 
more than one portion of the reduced section exhibited initial 
necking. In every case, the location of grain boundaries was 
made more clear by deformation within the individual grains 
which resulted in formation of ridges or grooves between the 
grains. In the preceding chapter, we found from examination 
of tensile data that grain size had little effect on the 
strength of niobium or tantalum at low temperatures. In this 
investigation it was observed that fracture, whether shear or 
cleavage, occurred where the original specimen diameter had 
been smallest (differences in specimen diameter amounted to 
+ 0.0005 inch maximum) rather than in the largest grains or 
in the regions of larger grain size. In at least one instance, 
cleavage occurred in a section made up of at least ten grains, 
while another section of the same specimen composed of two 
grains did not even exhibit slip. These results indicate 
that the deformation behavior was much more sensitive to very 
small differences in applied stress than to very large 
differences in grain size. 
Figure 28 illustrates characteristic markings found on 
the tensile specimens away from the fracture region. Part a 
of Figure 28 illustrates the fine, closely spaced, irregular 
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Figure 28. Characteristic deformation markings 
a. Fine slip in niobium tested at loom 
temperature 
b. Coarse slip and fine slip (arrow) in 
tantalum at low temperatures 
c. Coarse slip in niobium at low temperatures 
d. Twinning and coarse slip in tantalum at 
low temperatures 
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slip traces found in both niobium and tantalum tested at 
i 
room temperature. Close examination of these fine markings 
reveals that the traces consist of intersecting segments of 
lines which are not parallel. These slip traces correspond 
to the ones described by Elam (31, 32) which she accounted 
for by postulating that slip was occurring on several non-
parallel slip planes at the same time. This fine slip was 
never observed in niobium specimens tested at low temperatures, 
but it was occasionally observed in tantalum specimens tested 
at low temperatures. Part c of Figure 28 illustrates the 
coarse slip traces more commonly observed on tantalum 
specimens tested at low temperatures. The grain to the 
right and slightly below the one which illustrates coarse 
slip exhibited fine slip. 
Part b of Figure 28 illustrates the coarse slip traces 
characteristic of niobium tested at low temperatures. Traces 
of this type more often occurred in grains located near the 
fracture region, but occasionally were observed in grains 
away from the fracture. There was no detectable difference 
between coarse slip in niobium and in tantalum. 
Part c of Figure 28 illustrates the twinning markings 
found on most tantalum specimens tested at low temperatures. 
Similar markings were occasionally observed in single grains 
from niobium specimens, but were not observed to have spread 
over the entire surface. 
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Aside from the differences in occurrence of twinning 
in niobium and tantalum, and the occurrence of cleavage of 
niobium, there do not exist distinct differences in deforma­
tion behavior. The complex fine slip characteristic of 
deformations in both materials at room temperature was not 
observed on niobium specimens tested at low temperatures. 
Some complex slip was observed in low temperature tantalum 
tensile specimens. Careful examination of coarse slip traces 
at high magnifications revealed that the traces were not 
uniform lines but contained many fine, short branches in 
both metals. Cleavage, whether caused by twinning or not, 
occurred in niobium specimens which exhibited twinning, but 
only after extensive plastic deformation. 
Crystallography of Deformation 
i 
Some information concerning the crystallographic 
characteristics of deformation is necessary to complete our 
comparison of the behaviors of niobium and tantalum at low 
temperatures. The determination of the planes on which slip 
or cleavage occurred was accomplished by x-ray diffraction 
techniques combined with analysis of traces or surface 
markings. The success of the method depends on the existence 
of well-defined surface markings plus relatively clear x-ray 
patterns. Complications which interfere with analysis of 
surface markings include distortion of the grains and damage 
to the photo-grid measuring system. The x-ray diagrams 
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become difficult or impossible to interpret when more than 
I 
one grain contributes to the pattern or when excessive 
deformation has occurred and the diagram spots representing 
particular crystal planes become extensively smeared. Partial 
success was achieved in determination of crystallographic 
characteristics of deformation. 1 
Method 
The Laue back-reflection x-ray method produces an x-ray 
photograph by diffraction of white x-radiation from a single 
crystal. Each class of planes, e.g. {hOO}, produces one 
diffracted beam which is recorded as a spot on a film located 
between the sample and the x-ray source. For a given crystal 
system, the angles between particular crystallographic planes 
are fixed. The angles between the spots produced by the 
diffracted x-rays then provide a means for identification of 
these spots with particular crystallographic planes. The 
interpretation of a Laue back-reflection photograph is 
accomplished by measuring the location of the diffraction 
spots and transferring this information to a stereographic 
projection. On the stereographic projection, the angles 
between the spots may be determined and, by a trial and 
error process, the various spots may be indexed. After 
indexing the orientation of the crystal from which the pattern 
was made is known with respect to the incident x-ray beam and 
the plane of the recording film. 
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The slip traces which appear on the surface of individual 
grains in the tensile specimens intersect the photo-grid 
pattern at particular locations, depending on the Inclination 
of the slip plane with the tensile specimen axis. If the slip 
actually occurs on a single set of planes in the crystal, then 
any three non-colinear points on the slip trace at the surface 
will define the spacial orientation of the slip plane. The 
photo-grid provides a convenient method of measuring or 
locating three or more such points on a given slip trace. If 
a cylindrical coordinate system is used with the specimen axis 
corresponding to Z, then the r coordinate is the same for all 
points on the surface so long as it remains cylindrical. Then 
the equation of the slip plane can be determined by three sets 
of Q and Z values. Once the equation of the plane is deter­
mined, the equation of the normal to the plane can be calculat­
ed since the direction cosines of the normal are in the same 
ratios as the coefficients of the equation of the plane. If 
the direction of the plane normal is transformed into the 
coordinate system of the x-ray arrangement, the normal may be 
represented by another spot on the stereographic projection. 
Once the x-ray pattern is indexed, the slip plane may be 
identified. 
The x-ray camera used was arranged so that the tensile 
specimens were mounted horizontally, parallel to the recording 
film and parallel to the edges of the film. Precise location 
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and orientation of individual grains selected for analysis 
was accomplished by means of a metallurgical microscope 
adapted so as to fit in place of the x-ray collimator and film 
holder. The optical axis of the microscope coincided with the 
axis of the x-ray beam. The photo-grid provided a reference 
system by which particular grains were located for x-ray 
analysis, and ink spots on the photo-grid served to fix the 
system axes. Satisfactory x-ray patterns were obtained by 
variation of x-ray beam diameter so that only one grain of a 
specimen contributed to the diffraction pattern. The minimum 
grain size which could be analyzed by this technique was more 
often limited by the ability to measure slip traces than by 
x-ray limitations. 
Cleavage 
Determination of the planes on which cleavage occurred 
was accomplished by orienting the fracture surfaces so that 
cleavage facets were parallel to the incident x-ray beam. 
The cleavage plane is that plane perpendicular to the crystal 
axis coinciding with the incident beam axis. The principal 
complication arising in cleavage plane determinations was 
excessive plastic deformation. This caused the pattern spots 
to be smeared. The large majority of patterns, while indicat­
ing that some plastic deformation had occurred, were not clear 
enough to permit determination of crystal orientations, i The 
extreme deformation of grains which failed by cleavage was 
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was discussed above, and the clarity of the majority of the 
x-ray patterns was surprising. 
A total of eight satisfactory patterns was obtained from 
cleavage facets from niobium specimens. In four the cleavage 
planes were identified as having been (110). In the other 
four cases, the cleavage plane was identified as (100). This 
result is in agreement with the observations reported by 
Churchman (21) for cleavage in niobium. These results are 
illustrated in Figures 29, 30 and 31 in which a unit triangle 
from the stereographic projection is used to represent crystal 
orientations. As can be seen from the three figures, the 
cleavage orientations for all three classes of materials lie 
near the [lio] and [lOO] directions. 
SliB 
Suitable grains for measurement of slip traces were 
located in nearly every tensile specimen. X-ray analysis 
of many of these grains, however, revealed that excessive 
deformation or twinning had occurred in the grains and thus 
the crystal orientation of such grains was not determinable. 
The excessive deformation smeared the spots into rings, making 
it impossible to measure the angles between the spots. 
Twinning essentially doubles the number of spots appearing 
in the diagram, and even though all of the spots are related 
by specific angles, the selection of spots which belong to one 
part of the twin orientation is quite difficult. In many of 
n - tensile axis .niobium 
o - slip plane,niobium 
d-cleavage plane, niobium 
t - tensile axis , tantalum 
• - sup plane, tantalum 
• - cleavage plane , tantalum 
ON 
Figure 29. Unit stereographic triangle illustrating orientations of 
tensile axes, slip planes and cleavage planes in Class I 
niobium and tantalum 
n - tensile axis .niobium 
O- slip plane .niobium 
d - cleavage plane. niobium 
t - tensile axis , tantalum 
- sup plane, tantalum 
m - cleavage plane , tantalum 
S 
<1 
50c 
5DA 
M 
Figure 30. Unit stereographic triangle illustrating orientations of 
tensile axes, slip planes and cleavage planes in Class II 
niobium and tantalum 
\ 
n - tensile axis, niobium 
o - slip plane,niobium 
d - cleavage plane, niobium 
t - tensile axis , tantalum 
* - sup plane, tantalum 
ii - cleavage plane , tantalum 
67 
63 
m & 
Figure 31. Unit stereographic triangle illustrating orientations of 
tensile axes. slip planes and cleavage planes in Class III 
niobium and tantalum 
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the patterns of grains selected for slip determinations, 
extraneous spots were found in the diagrams due to diffraction 
from other, grains adjacent to the grain of interest= Again, 
separation of the spots belonging to individual grains is 
difficult. ' 
The orientations of the individual grains are plotted in 
Figures 29, 30 and 31 along with the poles representing slip 
planes in these grains. The crystal orientation is defined 
as the direction parallel to the tensile axis. In the three 
figures, the unit triangles are divided into six zones 
lettered A through F, for which a particular slip plane, has 
the greatest resolved shear stress. Opinsky and Smoluchowski 
(80, 81) determined the zones included in the figures by 
calculation of the resolved shear stress on -[112} , {123} and 
{110} planes for crystals whose tensile axes lay in each zone. 
.It was found that if a tensile axis of a given crystal were 
in Zone A, maximum resolved shear would be in the (211) plane, 
for Zone B in the (312) plane, for Zone C in the (101) plane, 
for Zone D in the (213) plane, for Zone E in the (213) plane, 
and for Zone F in the (112) plane. 
The slip orientations plotted in Figures 29, 30 and 31 
exhibited no particular pattern except that slip near {llOj., 
the planes expected to be dominant, was not observed. Slip 
traces which represent planes near both the other expected 
slip planes ^112} and ^113} were observed as well as traces 
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which represent planes near {111}. No particular pattern of 
change due to decreasing temperature could be determined. 
It appears that unless slip occurs on crystallographic 
planes other than those having low indices, it must occur by 
some complex mechanisms such as those postulated by Elam. In 
the case of tantalum, complex slip was observed in low temper­
ature specimens in some grains which were not included in this 
analysis. The results of x-ray analysis indicated that com­
plex slip does occur in both niobium and tantalum at low 
temperatures. 
In summary, cleavage was found to occur in niobium at 
both {lio} and £l00j planes. No cleavage was observed in any 
of the tantalum specimens. The slip traces observed in both 
tantalum and niobium were not systematically associated with 
any particular crystallographic plane. It was noted, however, 
that slip traces were not associated with {llo| planes in 
these metals. 
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CONCLUSIONS 
The deformation behaviors of equivalent niobium and 
tantalum were examined by means of "tensile specimens tested 
in the temperature ranges in which the niobium materials 
exhibited a ductile-to-brittle transition. Twinning was 
found to be associated with cleavage or brittle fracture in 
niobium. Twinning was found to occur in all tantalum speci­
mens. Complex slip in both niobium and tantalum was observed 
in room temperature test specimens as sets of fine, continuous 
traces with uniform angles of intersection. In low tempera­
ture niobium specimens, complex slip was indicated by 
irregularities in the traces observed at fairly high 
magnifications within coarse slip bands. The low temperature 
tantalum specimens exhibited both well-defined fine complex 
slip and irregularities in the coarse slip bands. X-ray 
determination of active slip planes in both niobium and 
tantalum deformed at low temperatures revealed no systematic 
behavior. The observed slip traces were not associated with 
particular crystallographic planes of low indices, indicating 
that complex slip occurred in both niobium and tantalum at 
the testing temperatures. Cleavage was observed to have 
occurred in niobium on (lOOj- and {lioj planes, but was not 
observed in any tantalum test specimens. 
It was demonstrated that equal strengths for tantalum and 
niobium were obtained when equivalent composition structures 
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and testing conditions were maintained. Under these 
equivalent conditions the only observed difference in 
deformation behavior was that niobium fractured by cleavage 
at temperatures and compositions for which twinning deforma­
tion was obtained, and tantalum exhibited large amounts of 
twinning deformation without cleavage fracture. The factors 
specifically considered and controlled in this investigation 
appear to be those which determine the yielding behavior of 
niobium and tantalum, but twinning and cleavage appear to be 
influenced by other or additional factors. Precise knowledge 
of composition and structure of niobium and tantalum should 
be sufficient to predict their yielding behavior at 
particular temperatures and strain rates once the specific 
effects of compositional and structural variations have been 
isolated. 
Considerable plastic deformation preceded cleavage 
fracture in the niobium materials used in this investigation. 
The conditions which produced cleavage therefore must have 
been attained after the yielding since the yield behavior of 
material which failed by cleavage was the same as that of 
material which did not fail by cleavage. Twinning, even 
i 
though it accompanied yielding, appears to be influenced by 
the same factors which induce cleavage, and therefore better 
knowledge of the causes of twinning should improve under­
standing of the phenomena of cleavage fracture in niobium. 
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APPENDIX 
Table 15» Preliminary and final nitriding results for niobium 
Holding Holding Weight Weight change per Weight 
temperature time Weight change unit surface area change 
Material °C minutes g mg mg/cm2 ppm ' 
Cb4 836 0 45.3937 
880 270 45.3990 
Cb 5 836 0 45.4341 
Cb6 900 0 44.8010 
900 0 44.8028 
900 0 44.8032 
899 60 44.8033 
Cb7 900 0 45.3367 
900 0 45.3387 
Cb8 947 120 45.7159 
Cb9 960 60 45.7118 
CblO 960 30 45.7564 
Cbl2 948 5 41.4743 
Cbl8 951 15 45.6919 
Cbl9 951 15 45.8358 
Cb20 951 15 45.7201 
Cb21 951 15 45.7341 
Cb22 955 150 45.7047 
Cb23 955 150 45.7366 
Cb24 955 150 45.7902 
Cb25 955 150 45.7048 
Cb27 960 660 45.7583 
Cb28 950 660 45.6448 
Cb29 960 660 45.8144 
Cb30 960 660 45.7024 
5.3 0.1557 117.0 
4.2 0.1233 92.5 
5.5 0.1614 121.0 
1.8 0.0536 40.2 
0.4 0.0119 8.9 
0.0 0.0 0 
0.1 0.0030 2.2 
2.0 0.0588 44.0 
0.1 0.0029 2.2 
7.6 0.2217 166.2 
5.5 0.1604 112.0 
4.4 0.1282 . 96.2 
3.9 0.1252 94.0 
3.6 0.1051 78.8 
3.5 0.1019 80.7 
3.5 0.1021 74.4 
3.6 O.IO50 78.7 
7.1 0.2071 155.3 
7.2 0.2099 157.4 
6.9 0.2009 150.7 
7.1 0.2071 155.3 
12.5 0.3643 273.2 
12.5 0.3652 273.8 
12.8 0.3725 279.4 
12.8 0.3647 273.5 
Table 16. Preliminary and final nitriding results for tantalum 
Holding Holding Weight Weight change per Weight 
temperature time Weight change unit surface area change 
Material °C minutes g mg mg/cm2 ppm 
Tal 910 120 68.14-00 18.3 0.6912 268.0 
860 60 68.0631 3.4- 0.1286 4-9.9 
863 0 68.0665 0.5 0.0189 7.4 
Ta 2 910 120 68.24-4-7 13.8 0.5205 202.0 
860 60 68.2012 5.1 0.1925 74.8 
863 0 68.2063 0.2 0.0075 2.9 
Ta3 910 120 66.0338 7.9 0.3077 120.0 _ 
860 60 65-9528 4-.4- 0.1716 66.7 
Ta 4 
863 0 65.9572 0.1 0.0039 1.5 
900 0 88.3570 2.7 0.0791 30.6 
900 0 88.3597 0.7 0.0205 7.9 
900 0 88.3604- -0.8 0.0234. ' —9.0 
901 60 88.36OO 0.4 0.0117 4.5 
Ta 5 900 0 88.4-721 2.8 0.0819 31.6 
901 0 88.4-74-9 1.1 0.0322 12.4 
Ta6 9^-7 120 88.4-64-9 9.4- 0.2750 106.3 
Ta 7 960 60 88.624-9 5.6 O.I637 60.0 
Ta8 . 960 30 . 67.4-665 2.9 0.1106 43.0 
Tal5 950 26 88.7020 5.4- 0.1576 60.8 
Tal6 950 26 88.74-02 5.7 0.1662 63.1 
Tal7 950 26 88.6735 5.3 O.154.7 59.8 
Tal9 950 58 88.524-9 4-.5 0.1315 49.7 
Ta20 950 58 88.7022 4-.3 0.1255 47.9 
Ta22 950 58 88.6109 4-.7 0.1371 51.3 
Table 17# Summary of results of tensile testing niobium and tantalum 
Composi­
tion 
Sam- ppm 
pie 0 N 
Inter- Strain 
action rate 
energy Temp. %i0"-3 
factor °K #/sec. 
Upper 
yield 
Stresses -1000 psi 
Lower 
yield 
Max­
imum 
Frac­
ture 
Reduc-
Strain - # tion 
Uni- Frac- in 
form* ture area 
30 34 24 1.0 77 10 114.2 b 
32 140 98 3.5 77 4.96 112.0 111.0 
34 150 104 3.7 118 4.96 88.1 85-5, 
35 100 107 3.3 89 4.96 108.8 % 
36 94 100 3.1 98 4.96 106.7 100.0 
37 183 264 7.4 93 4.96 mrntm 102.8e 
38 42 80 2.2 296 5.02 21.0 19.9 
50 126 165 4.8 98 4.85 114.2 107.3 
51 148 154 4.8 104 4.85 108.8 103.0 
52 
53 
166 140 4.9 108 4.85 106.2 100.1 
140 145 4.5 113 4.85 103.0 97.4 
54 128 167 3.9 300 4.85 29.6 27.9 
55 111 180 5.0 103 4.85 100.8 97.5 
70 92 190 5.0 88 5.19 
118.7 
113.2 
71 112 254 6.6 103 5.19 110.4 
73 132 213 5.9 108 5.19 114.0 106.9 
74 106 224 5.9 118 5.19 101.4 93.5 
^Calculated from least change in diameter» 
t*Yield behavior obscured by twinning0 
c0ffset 0.2#. 
&Test halted without fracture. 
®Strain at maximum load. 
114.2 
112.0 
88.1 
108.8 
106.7 
102.8 
23-3 
114.2 
108.8 
106.2 
103.0 
30.8 
100.8 
121.8 
118.7 
114.0 
101.4 
87.8 2.3 8.9 40.3 
82.3 2.1 9.4 53.3 
39.6 1.5 19.9 \ 
5.2 
82.2 
97.3 0.6 41.1 
51.9 0.9 ll.o 66.3 
47.0, 4.6 15.2o 97.9 
__ d 4.7 4.7e 5.8 
85.5 1.9 6.3 46.3 
60.6 1.5 w — 66.6 
50.6 0.8 10.5 76.8 
37-6. 1.5 15.2 89.4 
__ d 7.8 8.4e 6.3 
__ d 1.9 6.3* 3.7 
95.8 1.9 7.9 44.9 
56.6 3.2 13.1 65.1 
93.6 4.0 8 .9  28.8 
38.6 1.7 13.1 84.7 
Table 17. (Continued) 
Composi­ Inter­ Strain Reduc­
tion action rate Stresses - 1000 nsi Strain - % tion 
Sam­ DDm ônôrgy T©mp # x 10-3 Upper Lower Max­ Frac­ Uni- Frac­ in 
ple 0 N factor °K %/sec. yield yield imum ture forma ture area 
75 104- 258 6.6 113 5.19 106.1 98.2 106.1 64-. 6 2.5 56.6 
76 83 216 5.5 300 5.19 26.3 24-.0 26.2 — d 9.7 10.0e 6.2 
43 75 5 4-.2 296 5.02 25.7 25.6 27.9 — b 5.5 8.9 40 
44 32 10 3.8 101 5.02 102.8 100.0 102.8 2.3 0 ï\5.2 95 
4-5 - 57 18 4-.1 119 5.02 95.6 93.2 96.6 2.3 0 15.7 95 
4-6 4-2 14- 4-,6 107 5.02 98.2 96.0 98.0 23.3 2.5 12.1 95 
4-7 88 17 6.4- 87 5.02 100.4 97.1 100.4 . 2.3 0 12.1 95 
63 30 25 4-.6 93 5.05 112.2 no. 9^ 114-.2 44.6 12.5 16.8 95 
66 34- 35 5A 108 5.05 — b — b 103.3 31.0 1.8 18.9 95 
67 34- 26 4-.9 113 5.05 b b 96.7 25.8 7.0 22.6 95 
69 32 31 5.1 296 5.05 38.0 29.7 31.5 __ d  8.9 15.2 20 
170 34- 27 4-.9 103 5.05 101.8 90.6 101.0 27.9 0.9 17.3 95 
83 170 100 15.1 152 5.03 74-. 3y. 71.0 74-.3 3.9 0.7 18.9 95 
4-3 21 4-.8 98 5.03 ° 99.4- 107.2 33.6 2.1 18.4 95 
86 31 20 4-.2 108 5.04- b b 98.2 27.9„ 3.0 21.5 95 
87 31 26 4.6 296 5.04- b 28.6^ 30.0 — 4 6.0 12.1 12.5 
89 28 22 4-.2 104 5.03 — i> _ _  %  104.6 53.4 1.4 14.2 95 
Table 180 Final annealing operations and results 
Material Sample 
Temperature 
°C 
Time 
minutes At 
Pressure 
hold 
x 10"^ mm HE 
Maximum Start 
Weight 
change 
ppm 
Cbl4 11 1690 + 10 120 2.0 - 1.1 6.0 1.0 0 
Cbl4 12 1680 + 10 120 0 . 9  - 0.9 t 2.3 0.9 -78 
Cbl4 13 1690 + 5 120 1.6 - 1.3 • 2 . 9  1.8 -26 
Cbl4 14 1720 + 40 120 1.4 - 1.3 2.0 1.3 +4o 
Cbl4 15 1700 + 15 240 2.1 - 1.3 2.3 1.2 +53 
Cbl4 16 1695 + 10 240 1.7 - 1.4 2.2 1.4 -54 
Cbl4 17 1695 + 10 240 1.7 — 1.6 2.7 1.6 +26 
Cbl4 18 1695 + 10 240 1.6 - 1.2 2.4 1.3 0 
Cbl8 A 1700 + 5 240 3.3 - 2.8 5.6 3.0 +20. 
Cbl8 B 1715 + 10 240 3.4 -  2 . 7  6.0 3.4 +27 
Cbl8 C 1700 + 20 240 3.5 - 2.9 7.0 3.4 +33 
Cbl9 A 1720 + 10 240 3.3 - 2.0 10.0 2.7 0 
Cbl9 B 1700 + 50 240 3.3 - 2.9 6.4 3.0 +20 
Cbl9 C 1690 + 20 242 3.4 — 2.6 6 . 6  2.5 0 
Cb20 A 1710 + 15 240 1.5 - 1.3 2.4 1.4 - 7 
Cb20 B 1725 + 10 248 1.6 — 1.2 2.3 1.3 - 7 
Cb20 C 1695 ± 45 240 2 . 0  — 1.6 3.2 1.5 unknown 
Cb22 A 1720 + 15 240 4.4 -  3 . 0  10 + 3.0 +305 
Cb22 B 1695 ± 35 247 3.9 - 3.1 8 . 6  3.3 +17 
Cb22 C 1725 + 20 240 3.6 — 3.0 6 . 8  3 . 2  + 7 
Cb23 A 1710 + 10 240 3.4 — 2.8 5 . 0  3 . 0  +33 
Cb23 B  1730 + 25 242 4.0 - 2.9 4.3 3 . 0  +33 
Cb23 C 1715 ± 15 240 4.5 -  3 . 0  8 . 8  3 . 3  +20 
Cb24 B  1710 4- 15 61 2.2 - 1.7 3 . 6  1.8 -13 
Cb27 A 1695 + 15 240 3.5 - 3.0 10.0 3.2 +20 
Cb27 B  1740 + 10 240 3.8 - 2.8 4.3 3.0 +14 
Cb27 C 1720 + 40 245 3.6 - 3.0 4-.5 3.4 + 7 
Table 18. (Continued) 
Material Sample 
Temperature 
°C 
Time 
minutes At 
Pressure 
hold 
x 10~6 mm 
Maximum Start 
Weight 
change 
ppm 
Cb28 A 1710 + 10 245 3.7 - 3.5 4.6 3.3 +20 
Cb28 B 1710 +25 240 4.0 - 3*2 4.8 3.3 +33 
Cb28 C 1715 ± 35 240 3.5 — 3»0 5.8 3.0 +20 
Cb29 A 1710 + 15 220 1.8 — 1.6 4.6 1.6 -40 
Tal5 A 2120 + 10 244 3.0 - 1.6 3.4 1.7 -56 
Tal5 B 2095 + 15 240 3.0 - 2.0 4.4 1.4 -17 
Tal6 B 2105 + 10 240 3.0 - 1.6 3.9 1.7 -37 
Tal6 C 2090 + 10 240 3.1 - 2.0 4.0 2.1 -52 
Tal7 B 2090 + 15 240 2.4 - 1.4 2.8 1.5 -50 
Tal7 C 2105 ± 5 243 1.8 - 0.9 3.2 1.1 -42 
Tal8 A 2085 + 10 240 ~2.7 — 1.4 4.8 1.6 . -52 
Tal8 B . 2095 + 25 240 3.8 - 1.3 3.8 1.7 -132 
TalB C 2087 + 8 252 2.2 - 1.0 3.1 1.3 —69 
Tal9 B 2085 + 10 242 2.6 - 1.3 4.2 1.4 -77 
Ta20 A 2095 ± 5 243 2.6 - 1.5 5.6 1.4 -100 
Ta20 B 2075 + 10 242 2.2 - 1.2 5.4 1.2 -59 
Ta20 C 2090 + 10 245 3.3 - 1.9 4-.3 2.1 -45 
Ta21 A 2080 * 5 243 2.0 - 1.3 3.4 1.5 -42 
Ta21 B 2090 + 5 240 2.5 - 1.3 4.1 1.9 -61 
Ta21 C 2090 + 15 240 2.0 - 1.4 3.1 1.4 -17 
Ta22 B 2100 + 5 247 2.4 - 1.2 4.8 1.8 -67 
Ta23 A 2075 + 15 120 1.7 - 1.3 3.2 1.2 -24 
Table 19. Preliminary annealing operations and results 
Material 
Temperature 
°C 
Time 
min. At hold 
Pressure x 10"^ mm Hg 
Maximum Start 
Weight 
change 
ppm 
Niobium 
Cbl 1830 + 20 60 3.4 - 2.7 6.9 3.8 — — 
Cb8 1480 + 80 120 4.6 — 2.6 7.4 1.6 
-5 
Cb6 1510 + 55 120 4.6 — 2.6 7.4 1.6 +5 
Cb5 1685 + 20 120 3.4- - 2.4 6.4 1.5 0 
CblO 1665 + 10 180 3.1 - 1.1 4.8 1.6 
-35 
Cb7 1675 I 5 180 2.6 - 1.4 10.0 1.0 -26 
Cb9 1675 ± 5 180 3.3 - 2.0 4.2 1.8 0 
Cbl2 1695 ± 5 180 1.7 - 1.2 6.8 1.0 -5 
Cbl3 1675 + 5 240 2.6 - 1.8 3.0 2.0 +13 
Cb4 1705 ± 5 360 4.9 • 2.1 10.0 2.2 -24 
Tantalum 
Ta4 2000 + 5 60 2.8 — 1.8 9.4 1.4 
-9 
Ta8A 1845 + 20 120 2.4 — 1.6 5.0 2.5 0 
Ta6 2055 ± 5 120 3.5 - 2.4 7.3 1.4 -11 
Ta8B i860 + 25 240 2.4 — 1.6 6=0 1.4 -14 
Ta7 2075 + 20 240 3.1 - 1.4 13.0 1.5 -18 
Ta5 1640 +15 360 4.8 — 2.7 10.0 2.8 +10 
